Investigation into wakes generated by surface piercing periscopes by Conway, AST
Page | i  
 
 
 
 
 
 
 
Investigation into wakes generated by surface piercing periscopes  
 
 
by 
Alexander Stefan Terry Conway, BE (Hons) (Naval Architecture)  
National Centre for Maritime Engineering and Hydrodynamics 
Australian Maritime College 
 
 
 
 
 
Submitted in fulfilment of the requirements for the degree of Doctor of Philosophy 
University of Tasmania 
 
October 2017  
Page | ii 
Declarations 
Declaration of Originality 
This thesis contains no material which has been accepted for a degree or diploma by the 
University or any other institution, except by way of background information and duly 
acknowledged in the thesis, and to the best of the my knowledge and belief no material 
previously published or written by another person except where due acknowledgement is 
made in the text of the thesis, nor does the thesis contain any material that infringes 
copyright. 
Alexander Stefan Terry Conway (Date: 31/10/2017) 
Page | iii 
Authority of Access
This thesis may be made available for loan and limited copying and communication in 
accordance with the Copyright Act 1968. 
Statement regarding published work contained in thesis 
The publishers of the papers comprising Chapters 3 to 6 hold the copyright for that content, 
and access to the material should be sought from the respective journals. The remaining 
non published content of the thesis may be made available for loan and limited copying and
communication in accordance with the Copyright Act 1968. 
Statement of Co-authorship 
Where the candidate has co-authored a published paper that is included in the body of the 
text or is included in whole or in part in the appendix, a statement of authorship has been 
prepared by the candidate’s supervisors for inclusion in the thesis.  
Page | iv 
Statements of Published work contained in thesis 
The following people and institutions contributed to the publication of work undertaken as 
part of this thesis: 
Alexander Stefan Terry Conway, University of Tasmania = Candidate 
Prof. Dev Ranmuthugala, University of Tasmania, Supervisor = Author 1  
Assoc. Prof. Jonathan Binns, University of Tasmania, Supervisor = Author 2 
Prof. Martin Renilson, University of Tasmania, Supervisor = Author 3  
Brendon Anderson, Defence Science and Technology Group = Author 4  
Sarah Cathcart, University of Tasmania = Author 5 
Author details and their roles: 
Paper 1, Predicting surface wakes using LES and RANS-SST analysis: 
Located in chapter 3 
Candidate was the primary author on this paper. Author 1, Author 2 contributed with 
refinement and presentation 
[Candidate : 80%, Author 1 : 9%, Author 2 : 11%] 
Paper 2, Experimental analysis of surface piercing cylinder at high Froude numbers: 
Located in chapter 4 
Candidate was the primary author on this paper. Author 5 contributed to assistance in 
assembling and conducting the experiments. Author 1, Author 2, Author 3 and Author 4 
contributed to the refinement and presentation 
[Candidate : 72.5%, Author 5 : 10%, Author 1 : 5%, Author 2 : 5%, Author 3 : 5%, 
Author 4 : 2.5%] 
Page | v 
Paper 3, The end effect of surface piercing cylinders with and without an end body: 
Located in chapter 5 
Candidate was the primary author on this paper. Author 1, Author 2, Author 3 and Author 4 
contributed to the refinement and presentation 
[Candidate : 75%, Author 1 : 7.5%, Author 2 : 7.5%, Author 3 : 7.5%, Author 4 : 2.5%] 
Paper 4, The effect of geometry on the surface waves generated by vertical surface 
piercing cylinders with a horizontal velocity:  
Located in chapter 6 
Candidate was the primary author on this paper. Author 1, Author 2 and Author 3 
contributed to the refinement and presentation 
[Candidate : 77.5%, Author 1 : 7.5%, Author 2 : 7.5%, Author 3 : 7.5%] 
We the undersigned agree with the above stated “proportion of work undertaken” for each 
of the above published (or submitted) peer-reviewed manuscripts contributing to this 
thesis: 
Signed: __________________ ______________________ 
Prof. Dev Ranmuthugala Assoc. Prof. Michael Woodward 
Supervisor  Director 
National Centre for Maritime  National Centre for Maritime 
Engineering and Hydrodynamics Engineering and Hydrodynamics 
University of Tasmania University of Tasmania 
Date:  15/06/2017  19/06/2017  _  
Page | vi 
Acknowledgements 
The completion of this thesis marks a huge milestone and thus, it is with great 
pleasure to thank the many people who have made this thesis possible. 
Firstly, I wish to thank my supervisors, Prof. Dev Ranmuthugala, Assoc. Prof. 
Jonathan Binns and Dr Martin Renilson, who provided feedback, direction, advice, insight 
and great technical and editorial advice well beyond my expectations and created a positive 
environment in which I could complete this project. I would also like to thank my colleagues 
and friends from AMC who created a friendly environment for the work. In particular, Zhi 
Leong, Arno Dubois, Max Haase, Konrad Zurcher, Alex Briggs, Phillip Marsh and Ahmed 
Swidan.  
Special thanks must go to: 
 Dr Brendon Anderson from the Defence Science and Technology Group (DST) for his
technical and financial support throughout the entire project
 Luciano Mason and Geli Kourakis for their experience and non-stop work on the High
Performance Cluster (HPC) without which the Computational Fluid Dynamics work
completed during this project would not have been possible
 The entire team working in the Australian Maritime College Tow Tank for their
support and guidance in setting up and performing the experimental work presented
below. In particular, Tim Lilienthal, Jock Fergusson, A/Professor Gregor Macfarlane,
Dr Jonathan Duffy and Michael Underwood
I would also like to thank my family for their support which allowed me to start and 
complete this thesis. Finally, Pip, thank you for your support and patience during the writing 
of this thesis. 
Page | vii 
Abstract 
For operational purposes, submarines are required to pierce the free surface with 
masts, such as periscopes and snorkels. These masts generate a large plume structure which 
can significantly increase the chance of detection. This thesis develops a numerical 
technique to accurately model the plume structure generated by a mast piercing the free 
surface, examining four critical aspects: bow wave height, plume height, plume length, and 
drag coefficient. The Computational Fluid Dynamics (CFD) model was validated through an 
experimental programme in a towing tank and against published data. The numerical 
validation showed that CFD-RANS modelling failed to predict the plume height and plume 
length while the CFD-LES accurately modelled the plume structure under Froude numbers of 
3.0, whilst predicting the overall shape with a small under prediction at Froude numbers 
greater than 3.0. 
The results show aspects of the flow regime within the plume structure and 
experimental configurations required to accurately replicate real world scenarios. The most 
critical flow characteristic found for the plume structure was the combination of two flow 
regimes within the plume structure. The forward section of the plume is generated by the 
bow wave, whilst the aft section is caused by the submerged section of the mast. 
When replicating the mast using a surface piercing cylinder with no end body, it was 
found that an immersion to depth ratio greater than eight is required to avoid end effects. 
Additionally, the use of an end body can effectively reduce the impact of the end effect on 
the plume structure. 
Utilising the validated numerical model, several mast configurations were tested in 
order to reduce the plume signature. Cylindrical double mast configurations and 
streamlined NACA0012 mast configurations were tested showing potential reductions of the 
overall plume size. This data can be used to improve the submarine mast configuration, thus 
reducing the risk of detection due to the generation of a large plume structure. 
Page | viii 
Table of Contents 
List of Figures ............................................................................................................................ xi 
List of Tables .......................................................................................................................... xvii 
Nomenclature ........................................................................................................................xviii 
Chapter 1 Thesis Introduction .............................................................................................. 1 
1.1 Introduction................................................................................................................. 2 
1.2 Problem Definition ...................................................................................................... 3 
1.3 Research Question and Objective ............................................................................... 6 
1.4 Methodology ............................................................................................................... 7 
1.5 Research Considerations ............................................................................................. 8 
1.6 Novel Aspects of the Project ..................................................................................... 10 
1.7 Outline of the thesis .................................................................................................. 12 
Chapter 2 Flow Characteristics and Numerical Modelling ................................................. 15 
2.1 Flow around a cylinder .............................................................................................. 16 
2.2 Numerical modelling ................................................................................................. 17 
2.3 Navier Stoke equations ............................................................................................. 18 
2.4 Reynolds Average Navier Stokes (RANS) ................................................................... 19 
2.4.1 k-epsilon model .................................................................................................. 19 
2.4.2 k-omega model .................................................................................................. 20 
2.5 Large eddy simulation (LES) ...................................................................................... 22 
Chapter 3 Predicting Surface Wakes using LES and RANS-SST Analysis ............................. 26 
3.1 Introduction............................................................................................................... 28 
3.2 Governing equations ................................................................................................. 29 
3.2.1 RANS–SST Simulation Model ............................................................................. 30 
3.2.2 LES model ........................................................................................................... 31 
3.3 Simulation parameters .............................................................................................. 32 
3.3.1 OpenFOAM Settings ........................................................................................... 34 
3.3.2 Validation of Code and Grid ............................................................................... 36 
3.4 Results and discussion ............................................................................................... 37 
3.5 Conclusion ................................................................................................................. 41 
Chapter 4 Experimental Analysis of Surface Piercing Cylinders at High Froude Numbers 42 
4.1 Introduction and background ................................................................................... 44 
Page | ix 
4.2 Experimental approach ............................................................................................. 47 
4.3 Results and discussion ............................................................................................... 51 
4.4 Concluding remarks ................................................................................................... 57 
Chapter 5 The End Effect of Vertical Axis Surface Piercing Cylinders with and without an 
End Body 59 
5.1 Introduction............................................................................................................... 61 
5.2 Experimental approach ............................................................................................. 64 
5.2.1 Plume clearance ................................................................................................. 65 
5.2.2 Drag .................................................................................................................... 65 
5.2.3 Load Cells ........................................................................................................... 66 
5.2.4 Plume size measurements ................................................................................. 68 
5.2.5 End body ............................................................................................................ 69 
5.3 Numerical approach .................................................................................................. 70 
5.3.1 OpenFOAM and governing equations ............................................................... 70 
5.3.2 Simulation parameters ...................................................................................... 71 
5.3.3 OpenFOAM simulation setup ............................................................................ 73 
5.3.4 Numerical verification ........................................................................................ 74 
5.4 Results and discussion ............................................................................................... 76 
5.4.1 Numerical validation .......................................................................................... 77 
5.4.2 End effect ........................................................................................................... 82 
5.4.3 Bow wave oscillations ........................................................................................ 86 
5.5 Concluding remarks ................................................................................................... 88 
Chapter 6 The Effect of Geometry on the Surface Waves Generated by Vertical Surface 
Piercing Cylinders with a Horizontal Velocity .......................................................................... 89 
6.1 Introduction............................................................................................................... 91 
6.2 Governing equations ................................................................................................. 95 
6.3 Simulation Parameters .............................................................................................. 96 
6.4 OpenFOAM setup ...................................................................................................... 97 
6.5 Numerical verification and validation ....................................................................... 98 
6.6 Validation ................................................................................................................ 101 
6.7 Numerical investigation .......................................................................................... 106 
6.7.1 Geometry ......................................................................................................... 106 
6.7.2 Reynolds Number investigation ....................................................................... 106 
6.8 Results and discussion ............................................................................................. 107 
Page | x 
6.8.1 Wake on circular cylinder configurations ........................................................ 107 
6.8.2 Drag on double mast configurations ............................................................... 110 
6.8.3 Wake on streamlined cylinder configurations ................................................. 112 
6.8.4 Pressure distribution for cylinder and streamlined configurations ................. 114 
6.9 Concluding remarks ................................................................................................. 115 
Chapter 7 Examination of Numerical Results and Mesh Requirements .......................... 117 
7.1 Introduction............................................................................................................. 118 
7.2 Stagnation pressure ................................................................................................ 120 
7.3 Mesh requirements ................................................................................................. 126 
7.4 Concluding remarks ................................................................................................. 128 
Chapter 8 Summary, Conclusions and Future Work ........................................................ 129 
8.1 Summary ................................................................................................................. 130 
8.2 Concluding remarks ................................................................................................. 131 
8.2.1 Establishing an appropriate CFD model ........................................................... 131 
8.2.2 Experimental results ........................................................................................ 132 
8.2.3 Numerical results ............................................................................................. 133 
8.3 Implications of this research ................................................................................... 135 
8.4 Future Work ............................................................................................................ 137 
References ............................................................................................................................. 138 
Appendix I  Uncertainty Analysis of the Experimental Data .................................................. 143 
Appendix II  Experimental and Numerical Analysis of Submarine Mast Surface Wakes ....... 146 
Appendix III  The Effect of Speed and Geometry on the Characteristics of the Plume 
Generated by Submarine Masts ............................................................................................ 162 
Page | xi  
 
List of Figures 
 
Figure 1.1: Typical conventional submarine snorkeling cycle in order to recharge batteries. . 2 
Figure 1.2: Plume and wake generated by a submarine whilst snorkeling (DailyMail, 2012). . 2 
Figure 1.3: Parameters used for measurement of plume dimensions, bow waveheight, 
plume height and plume length. ............................................................................................... 9 
Figure 1.4: Variation of mast geometries used to analyse possible reductions in plume size to 
decrease risk of submarine detection (note: for a constant water-plane area). .................... 10 
Figure 3.1: Plume from a Submarine Mast (Reporter, 2012). ................................................. 28 
Figure 3.2: Layout of mesh refinement levels. ........................................................................ 33 
Figure 3.3: Boundary layer on the surface and the cylinder. .................................................. 34 
Figure 3.4: Definition of parameters used by Hay (1947). ...................................................... 36 
Figure 3.5: Comparison of bow wave height, ηb, data from Wickramansinghe, Hay (1947), 
LES and SST. ............................................................................................................................. 37 
Figure 3.6: Comparison of plume height, ηp, data from Hay (1947) and LES. ......................... 38 
Figure 3.7: Comparison of plume length λ data from Hay (1947) and LES. ............................ 39 
Figure 3.8: Plume profile predicted by LES viewed from the side at eight knots (Fr=4.0). ..... 40 
Figure 3.9: Plume profile predicted by RANS-SST viewed from the side at eight knots 
(Fr=4.0). .................................................................................................................................... 40 
Figure 3.10: Plume profile by Hay (1947) at Fr=3.7. ................................................................ 40 
Figure 3.11: Plume profile predicted by LES viewed from the front at eight knots (Fr=4.0). . 40 
Figure 3.12: LES analysis of the surface piercing periscope at eight knots. Contour colour. .. 41 
Figure 4.1: Definition of parameters used by Hay (1947) showing ηb, bow wave height, ηp, 
plume height, and λ, plume length. ......................................................................................... 45 
Figure 4.2: Comparison of the non-dimensionalised bow wave height ηb/D from Hay (1947) 
and the theoretical upper limit based on stagnation pressure. .............................................. 47 
Figure 4.3: Side view of the experimental rig set-up in towing tank showing location of 
cylinder with respect to the carriage. ...................................................................................... 48 
Figure 4.4: Test rig with cylinder attached to carriage showing rulers, bearings, carriage, and 
load cell. ................................................................................................................................... 49 
Figure 4.5: Test rig with cylinder attached to tow tank carriage under testing showing 
camera locations. ..................................................................................................................... 50 
Page | xii 
Figure 4.6: Difference in bow wave height and plume size at the same Froude number 
(Fr=3.5) due to flow instabilities. ............................................................................................. 52 
Figure 4.7: Comparison of non-dimensional bow wave height, ηb’, with respect to Froude 
number, Fr; for data from Hay (1947), and tow tank experiments. Upper limit based on 
stagnation pressure using Equation 4.3. ................................................................................. 54 
Figure 4.8: Comparison of non-dimensional plume height, ηp’, with respect to Froude 
number, Fr; for data from Hay (1947) and tow tank experiments. ......................................... 54 
Figure 4.9: Comparison of non-dimensional plume length, λ’, with respect to Froude 
number, Fr; for data from Hay (1947) and tow tank experiments. ......................................... 55 
Figure 4.10: Images from tow tank experiments using the short cylinder highlighting the two 
regions of the plume: (a) 3.0 m/s (Re=3.1x105) (sub-critical), (b) 3.5 m/s (Re=3.6x105) (trans-
critical), and (c) 4 m/s (Re=4.1x105) (super-critical)................................................................ 56 
Figure 4.11: Series of photographs illustrating the flow regime around a surface piercing 
cylinder with increasing Froude number (arrows indicate flow direction and intensity). ...... 57 
Figure 5.1: Definition of parameters used showing ηb, bow wave height, λ, plume length, 
and, ηp, plume height. .............................................................................................................. 63 
Figure 5.2: Comparison of non-dimensional bow wave height ηb/D from Hay (1947) and 
Conway et al. (2016) and the theoretical upper limit based on stagnation pressure. ............ 65 
Figure 5.3: Schematic representation of experimental set-up to demonstrate approximate 
configuration of load cells (not to scale). ................................................................................ 67 
Figure 5.4: Overall experimental set-up (left) and detailed views of the top load cell 
arrangement (top right) and the bottom load cell, bearing track, and pillow block bearing 
configuration (bottom right). ................................................................................................... 67 
Figure 5.5: Experimental rig set-up showing the tape measure, draft marks, DSLR camera, 
and GoPro camera. .................................................................................................................. 68 
Figure 5.6: Shape and dimensions of the end body used, including the location of cylinder 
joint. ......................................................................................................................................... 69 
Figure 5.7: Mesh used for numerical simulations showing end body, cylinder refinement 
areas, and inflation layer for a cylinder immersion depth to diameter ratio of T'=2. ............. 72 
Figure 5.8: Grid independence study based on y+ and bow wave height (ηb) at Fr=4.0 and 
T’=2.0 without an end body. .................................................................................................... 75 
Page | xiii 
Figure 5.9: Mesh density study using plume height and plume length at Fr=4.0 and T’=2.0 
without an end body compared to % difference to a 14 million element mesh. ................... 75 
Figure 5.10: Comparison of non-dimensional bow wave height, ηb’, as functions of Froude 
number, Fr, using experimental and numerical results for T’=2.0 immersion, with and 
without an end body. ............................................................................................................... 77 
Figure 5.11: Comparison of non-dimensional plume height, ηp’, variation with respect to 
Froude number, Fr, using experimental and numerical results for T’=2.0 immersion, with and 
without an end body. ............................................................................................................... 78 
Figure 5.12: Comparison of non-dimensional plume length, λ’, variation with respect to 
Froude number, Fr, using experimental and numerical results for T’=2.0 immersion, with and 
without an end body. ............................................................................................................... 78 
Figure 5.13: Comparison of drag coefficient, Cd, variation with respect to Froude number, Fr, 
using experimental and numerical results for the 200 mm depth, without an end body. ..... 79 
Figure 5.14: Comparison of non-dimensional bow wave height, ηb’, as functions of Froude 
number, Fr, using experimental and numerical results for T’=10.0 immersion, with and 
without an end body. ............................................................................................................... 79 
Figure 5.15: Comparison of non-dimensional plume height, ηp’, variation with respect to 
Froude number, Fr, using experimental and numerical results for T’=10.0 immersion, with 
and without an end body. ........................................................................................................ 80 
Figure 5.16: Comparison of non-dimensional plume length, λ’, variation with respect to 
Froude number, Fr, using experimental and numerical results for T’=10.0 immersion, with 
and without an end body. ........................................................................................................ 80 
Figure 5.17: Numerical simulation of non-dimensional bow wave height, ηb’, as a function of 
Froude number, Fr, with different end configurations. .......................................................... 82 
Figure 5.18: Numerical simulation of non-dimensional plume height, ηp’, as a function of 
Froude number, Fr, with different end configurations. .......................................................... 82 
Figure 5.19: Numerical simulation of non-dimensional plume length, λ’, as a function of 
Froude number, Fr, with different end configurations. .......................................................... 83 
Figure 5.20: Numerical simulation of drag coefficient, CD, as a function of Froude number, Fr, 
with different end configurations. ........................................................................................... 83 
Figure 5.21: Numerical simulation of stagnation pressure on cylinder at surface level (see 
Figure 5.1) as a function of Froude number, Fr, with different end configurations. .............. 84 
Page | xiv  
 
Figure 5.22: Difference in stagnation pressure at Fr=2 for T'=2 without end body (left), T’=2 
with endbody (middle), and T’=10.0 without end body which is a contributing factor to 
change in bow wave height and plume size. ........................................................................... 84 
Figure 5.23: Non-dimensional plume parameters generated by cylinder with immersion 
depths to diameter ratio (T’) ranging from 2.0 to 10.0 at Fr=4.0. ........................................... 86 
Figure 5.24: T’=10.0 immersion with no end body showing the 'shedding' of the bow wave 
height. Left image displaying the bow wave height increasing before shedding begins, right 
image capturing the shedding of the bow wave. .................................................................... 87 
Figure 5.25: Bow wave height (ηb) oscillations at Fr=3.5 as a function of time. Difference in 
bow wave height calculated as percentage change from average bow wave height. ............ 87 
Figure 6.1: Mast configuration on Astute class submarine. Taken from reference (Group, 
2011). ....................................................................................................................................... 92 
Figure 6.2: Definition of parameters used by Hay (1947). ...................................................... 93 
Figure 6.3: Visual representation of mast geometry configurations used for numerical 
analysis with constant total waterplane area. ......................................................................... 94 
Figure 6.4: Numerical domain showing inflation layer (left) and refinement areas (right). . 100 
Figure 6.5: Grid independence study based on y+ and bow wave height (m). Squares 
represent predicted data points, with line of best fit plotted. .............................................. 100 
Figure 6.6: Mesh density study using plume height and plume length plotted as percentage 
difference in the results when compared to a 14 million element mesh, plotted against mesh 
size (number of elements). .................................................................................................... 101 
Figure 6.7: Comparison of bow wave height, ηb’, variation with respect to Froude number, 
Fr, experimental data from Hay (1947), Conway et al. (2016), and numerical data (LES). ... 103 
Figure 6.8: Comparison of plume height, ηp’, variation with respect to Froude number, Fr, 
data from Hay (1947), Conway et al. (2016) and numerical data (LES). ............................... 103 
Figure 6.9: Comparison of plume length, λ’, variation with respect to Froude number, data 
from Hay (1947), Conway et al. (2016) and numerical data (LES). ........................................ 104 
Figure 6.10: Comparison of drag coefficient as a function of Froude number, data from Hay 
(1947), Conway et al. (2013) and numerical data (LES). ........................................................ 105 
Figure 6.11: Non-Dimensional bow wave height, plume length, and plume height as a 
function of Reynolds number at a constant Froude number of 4.0. m represents the bow 
wave height, plume height or plume length in metres. ........................................................ 107 
Page | xv 
Figure 6.12: Plume profile generated by single mast configuration at Fr=4.0. ..................... 108 
Figure 6.13: Plume profile generated by double mast (large forward) configuration at Fr=4.0.
................................................................................................................................................ 108 
Figure 6.14: Plume profile generated by double mast (small forward) configuration at Fr=4.0.
................................................................................................................................................ 108 
Figure 6.15: Non-dimensional bow wave height, ηb’, generated by the forward mast 
(cylindrical cross-section) as a function of Froude number. ................................................. 109 
Figure 6.16: Non-dimensional plume height, ηp’, generated by the forward mast (cylindrical 
cross-section) as a function of Froude number. .................................................................... 110 
Figure 6.17: Non-dimensional plume length, λ’, generated by the forward mast (cylindrical 
cross-section) as a function of Froude number. .................................................................... 110 
Figure 6.18: Percentage of total combined drag from both cylinders on the forward mast for 
the double mast configuration. ............................................................................................. 111 
Figure 6.19: Percentage of total combined drag from both cylinders on the aft mast for the 
double mast configuration. .................................................................................................... 112 
Figure 6.20: Total drag on the cylindrical masts at Froude numbers 1.0 to 4.0 ................... 112 
Figure 6.21: Non-dimensional bow wave height, ηb’, for NACA0012 and cylindrical mast 
configurations as functions of Froude number. .................................................................... 113 
Figure 6.22: Plume profile generated by NACA0012 mast configuration at Fr=4.0. ............. 113 
Figure 6.23: Shape comparison between cylinder and NACA0012 mast sections. ............... 114 
Figure 6.24: Pressure distribution (in pascal) around cylinder mast configuration (left) and 
NACA0012 mast configuration (right). .................................................................................. 114 
Figure 7.1: Definition of parameters used showing ηb, bow wave height, λ, plume length, 
and, ηp, plume height and location of stagnation point identified. ...................................... 119 
Figure 7.2: Bow wave height produced by surface piercing cylinder. Comparison between 
numerical (CFD-LES), experimental, and theoretical values based on Bernoulli equation. .. 121 
Figure 7.3: Pressure distribution on circular cylinder at the free surface level at Fr=4.0. .... 123 
Figure 7.4: Non-dimensional pressure plot along y=0 and z=0 between x=0 and x=-1, i.e. 
pressure inline and forward of the cylinder. ......................................................................... 123 
Figure 7.5: Comparison of non-dimensional stagnation pressure (P’) between CFD-LES 
simulation predictions and Bernoulli's equation based calculations (Equation 7.2). ........... 124 
Page | xvi 
Figure 7.6: Ratio of vertical velocity (Uz) on the leading edge of the surface piercing cylinder 
compared to the velocity (U) of the free stream plotted as a function of Froude number. . 125 
Figure 7.7: Numerical (CFD-LES) simulation of a cylinder piercing the free surface at Fr=4.0 
showing the vertical velocity (Uz) of the bow wave. Note: Positive z-axis is down. ............. 125 
Figure 7.8: Close examination of the spray from the aft of the cylinder looking forward from 
the numerical prediction with a mesh cell aspect ratio of (a) one and (b) ¼. ....................... 127 
Figure 7.9: View of free surface ’ripples’ caused by mesh aspect ratio one throughout the 
numerical domain at Fr=4.0. Colour represents elevation. ................................................... 127 
Page | xvii 
List of Tables 
Table 2.1: Stage of flow around a cylinder (Sumer et al., 1997). The flow regimes of interest 
to a typical periscope have been highlighted in yellow. ......................................................... 17 
Table 5.1: Summary of mast configurations investigated. ...................................................... 62 
Table 6.1: Mast geometry configurations used for numerical analysis................................... 94 
Page | xviii 
Nomenclature 
ηb Bow wave height  
CD Coefficient of drag 
σ Coefficient of surface tension 
A Cross sectional area 
D Cylinder diameter 
ρ Density 
∇ Divergence 
µ Dynamic viscosity 
p Fluid pressure 
uτ Friction velocity 
Fr Froude number 
g Gravity 
T Immersion depth 
T’ Immersion ratio 
ν Kinematic viscosity 
ηb’ Non-dimensional bow wave height 
ηp’ Non-dimensional plume height 
λ’ Non-dimensional plume length 
y+ Non-dimensional wall distance 
ηp Plume height 
λ Plume length 
Re Reynolds number 
υSGS SGS eddy viscosity 
St Strouhal number 
BL Turbulence decay 
ϵ Turbulent dissipation 
k Turbulent kinetic energy 
U Velocity 
Uz Velocity in vertical axis (z-axis) 
Page | xix  
 
fv Vortex shedding frequency 
y Wall distance 
 
 
 
 
 
 
Page | 1 
Chapter 1 
Chapter 1 
Thesis Introduction 
Page | 2 
Chapter 1 
1.1  Introduction 
The ability of a submarine to transit and complete tasks without detection is critical 
to the success of its missions. During these phases, submarines, especially conventional 
powered boats, are required to approach and pierce the surface with a bluff body such as a 
periscope for surveillance or a snorkel to operate its diesel engines to recharge its batteries 
(Figure 1.1). The use of these vertically mounted appendages present a significant signature 
issue whilst the submarine maintains a forward velocity as they can generate large plumes 
and wakes that are detectable by a number of methods such as visual sighting or radar 
(Figure 1.2). Modern sensors allow these signatures to be detected at significant distances 
and from a variety of platforms, such as ships and aircrafts. Detection can seriously 
jeopardise the submarine’s mission. 
Figure 1.1: Typical conventional submarine snorkeling cycle in order to recharge batteries. 
Figure 1.2: Plume and wake generated by a submarine whilst snorkeling (DailyMail, 2012). 
Operation under 
battery 
Snorkeling/ 
Battery charge 
Battery charge/ 
Discharge 
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In order to quantify the visual signature created by the plume and wake, it is 
essential to develop validated numerical simulation models that can accurately predict the 
signature at different configurations and conditions. This will enable designers to optimise 
the mast configuration and provide the submarine crew with operational envelops to 
reduce detection. However, there is very little information in the public domain on the flow 
regimes and wake generation of bluff bodies piercing the free surface in the speed range 
within which submarines usually operate at periscope or snorkelling depths. Thus, there is 
little information and understanding on how to improve the design and configuration of 
these masts to reduce the wake generated by them and in turn reduce the risk of detection. 
As will be discussed in the following sections, the flow around a bluff body becomes 
complex as the flow regimes become turbulent, thus increasing the difficulty in studying and 
understanding the flow. Therefore, a combination of numerical and experimental data 
representing surface piercing bluff bodies at different forward speeds is required. 
 
1.2  Problem Definition 
 
Given that the success of a mission can depend on manoeuvring without detection, 
understanding the size and shape of the plume at given speeds and configurations can 
provide information and guidelines to operational procedures whilst snorkelling or with the 
periscope extended.  
The plume and wake generated by a bluff body piercing the free-surface is a complex 
flow problem which is a significant area of interest for submarine operations. Whilst the 
wake generated by a bluff body has been studied both experimentally (Hay, 1947; Metcalf 
et al., 2006; Slaouti et al., 1981) and numerically (Kawamura et al., 2002; Yu et al., 2008), 
there is very little information in the public domain at the speed range required to 
accurately represent the conditions in which a submarine operates near the free surface. 
Due to the differences in mast diameter used for each set of published data, to compare the 
results, the diameter based Froude number (Fr) was used to generate non-dimensional 
results. The Froude number is defined in equation (1.1). 
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𝐹𝑟 =
𝑈
√𝑔𝐷
          (1.1) 
Where Fr is Froude number, U is the forward velocity, g is acceleration due to 
gravity, and D is the diameter of the mast. The corresponding Froude numbers for a 
submarine at snorkeling/periscope speeds are up to Fr=4. Hay (1947) published an extensive 
range of experimental data up to Fr=4.9 using a cylinder with a relatively short depth to the 
submerged free end (T’ = 2.0). T’ is the immersion depth ratio and is defined in Equation 
(1.2) where T is the immersion depth and D is the cylinder diameter. 
𝑇′ =
𝑇
𝐷
                    (1.2) 
 Whilst the speeds tested by Hay are sufficient to study the flow in relation to the 
required speed range, the limited submerged depth could result in a reduction in the plume 
size due to end effects as suggested by Slaouti et al. (1981). These researchers investigated 
the submerged end effects on the wake generated by a surface piercing cylinder at low 
Froude numbers. Metcalf et al. (2006) investigated the wake generated by NACA sections at 
Froude numbers of 0.19, 0.37, and 0.55. Kawamura et al. (2002) investigated the surface 
waves and vortex shedding using Computational Fluid Dynamics (CFD) - Large Eddy 
Simulation (LES) and a circular cylinder at Froude numbers of 0.2, 0.5, and 0.8. Other 
researchers, Yu et al. (2008), also used LES, however, investigated the bow wave height 
generated by a cylinder up to a Froude number of 3.0. Although this was the greatest 
Froude number investigated using numerical simulations, the bow wave height was 
significantly under estimated above Fr=2.0. 
It would be possible to study the hydrodynamic characteristics of a submarine mast 
using an experimental approach through model scale and full scale testing. However, these 
methods require considerable time and cost, in addition to requiring access to appropriate 
test and measuring facilities. The complexity, and thus the time and cost increases 
significantly with the addition of different set-up configurations and conditions. Additional 
restrictions which are encountered using an experimental approach include speed 
limitations, depth restrictions, and difficulty to accurately replicate the real world scenarios, 
in particular, the end effect when the mast is modelled without the submarine. Although full 
scale testing can be used, they present further complications such as the need to develop 
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appropriate test rigs and/or access to full scale platforms, while model scale results require 
appropriate scaling to relate to full scale operations. 
Considering these constraints, it is apparent that a purely experimental approach 
cannot easily solve for all the potential objectives of this project, however its combination 
with numerical modelling has the potential to reduce or remove the limitations of the 
experimental approach. As a result of the advances in high performance computing, the 
capability and accuracy of CFD simulations are continuously increasing with the availability 
of computational resources and more advanced software (Boysan et al., 2009). However, 
even with these significant improvements, attempting to generate the most accurate 
results, especially when dealing with complex flow structures, can result in the 
computational requirements exceeding the available computing capabilities. Therefore it is 
essential that the correct numerical methods and approaches are selected and the 
simulation settings and conditions provide accurate and stable results using available 
resources within acceptable timeframes.  
CFD simulations offer a relatively low cost approach to model complex flow 
structures around bodies undergoing motion, including those piercing the free surface. 
However, there are a number of different CFD methods and approaches that can be 
employed, each having different advantages and limitations.  
Reynolds Averaged Navier-Stokes (RANS) based CFD simulations have been 
extensively developed and have proven to accurately predict the forces and moments of 
bluff bodies at low speeds. The RANS approach uses a time averaged mean value for the 
velocity field, since it is assumed that the time-dependent turbulent velocity fluctuations 
can be separated from the mean flow velocity. This results in the need to model the 
turbulence to produce a closed system of solvable equations, which greatly reduces the 
computational effort required when compared to methods such as LES and Direct Numerical 
Simulation (DNS), although the averaging of the turbulence can reduce accuracy and the 
fluctuations in the flow are modelled rather than solved. An extension of the RANS model is 
Unsteady RANS (URANS), which has an additional time derivative in each equation. This 
means that the unsteady flows are not averaged out as done in RANS simulations, and thus 
turbulence can potentially be modelled with a higher degree of accuracy. However, similar 
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to steady RANS, it fails to account for the unsteady fluctuations as URANS still does not 
resolve turbulence  (Salim et al., 2011). 
Published data (Young et al., 2007) suggests that LES is a more capable method in 
capturing the flow instabilities in comparison to RANS simulations as the large scale 
turbulence is resolved rather than modelled, while the smallest scales of the flow are 
removed through a filtering operation and modelled using sub-grid scale models. This allows 
the largest and most important scales of the turbulence to be resolved. However, the 
computational cost increases significantly due to the requirement of a finer mesh used to 
capture the turbulence and boundary layers.  
In addition to CFD simulations reducing the restrictions encountered with 
experimental work, the former provides access to a range flow visualisation that is limited 
or restricted in physical experimental work. However, as the results are highly dependent on 
the numerical models used, the settings employed, and the computational grid, it is a 
requirement that the numerical results are verified and validated against experimental data.  
As there is limited information available with regard to the plume structure and 
changes in plume size as a result of the submerged end effects, understanding the 
hydrodynamic flow around a bluff body is an important aspect of this research. 
 
1.3  Research Question and Objective 
 
The aim of this thesis was to characterise through experimental work and numerical 
modelling the flow created by a moving submarine snorkel and/or periscope piercing the 
free surface, in order to predict the resulting plume structure. Furthermore, the changes in 
the plume size due to experimental limitations, such as limited mast depth, and potential 
configurations or operational conditions to reduce the size of the plume and thus detection 
were studied. The motivation for this research was to provide a method in which the plume 
structure generated by the submarine appendage could be accurately modelled 
numerically, which would enable further development of the design and configuration to 
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reduce the associated wake and thus reduce the risk of detection. Therefore, the research 
question was: 
 Can the plume structure generated by a submarine appendage piercing the free 
surface operating at snorkeling/periscope speeds be numerically accurately 
modelled with respect to the plume shape?  
To achieve the research question the following set of objectives were developed: 
 Generate a set of experimental results containing the plume size for a range of 
speeds corresponding to a typical submarine operating at snorkeling/periscope 
depth speeds for numerical validation. 
 Using CFD to accurately model the plume structure generated by a submarine mast 
piercing the free surface using visual plume size and drag forces for validation. 
 Quantify the change in bow wave height and plume size as a result of the submerged 
end effects. 
 Assess possible changes in the mast design and configuration which could reduce the 
risk of detection through reducing the plume size. 
 
1.4  Methodology 
 
In order to achieve the objectives outlined above, the research project was divided 
into the following phases: 
 Conduct a literature review on the hydrodynamic flow around a cylinder and the 
potential numerical models which could be used to model the plume generated by a 
submarine appendage. 
 Assess the ability of CFD to model and capture the flow characteristics around a bluff 
body piercing the free surface and a selection of an appropriate numerical approach 
such as LES or URANS models. 
 Conduct experimental work to generate validation data for a surface piercing 
cylinder. The experimental approach needed to include varying the length of the 
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cylinder as well as the addition of a submerged end body to provide a set of data to 
study the changes in plume size due to the submerged end effects. 
 Development of a validated CFD model to predict and model the plume and wake 
generated by a submarine snorkel and/or periscope and assessment of the 
sensitivity of the numerical model in detecting the changes in plume size due to 
variations of the submerged end condition. 
 Utilisation of the validated CFD model for development of designs and configurations 
which reduced the risk of detection due to a surface piercing snorkel and/or 
periscope. This included the use of multiple smaller masts or non-cylindrical cross 
sectional masts. 
 
1.5  Research Considerations 
 
This study focused on the plume dimensions generated by a surface piercing 
appendage such as a periscope or snorkel from a submarine moving under the free surface. 
In line with the work pioneered by Hay (1947), the size of the plume was investigated using 
three main dimensions shown in Figure 1.3, i.e. the bow wave height (ηb), plume height (ηp), 
and plume length (λ). In addition to the plume size, the drag coefficient of the mast due to 
the fluid interaction was used to increase the parameters in the numerical validation 
process.  
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Figure 1.3: Parameters used for measurement of plume dimensions, bow waveheight, plume height 
and plume length. 
The study used a cylinder diameter of 100mm with all non-dimensional data based 
on either the frontal area, diameter, or water-plane area of the cylinder. Furthermore, for 
mast optimisations, it was considered that the area of the mast(s) was a set requirement 
and thus the water-plane area remained constant. Figure 1.4 shows the range of mast 
geometries assessed to reduce the plume size as a results of mast optimisations. This 
included the double mast configurations and streamlined cross sectional masts. The former 
were tested as it was presumed that a smaller mast would generate a smaller plume profile 
and thus by dividing the required area of a mast between two smaller masts, a reduction in 
overall plume size should be possible. In addition, the wake from the forward mast may 
reduce the plume profile generated by the aft mast. Conventionally, submarines have used 
cylindrical masts, however, the possibility for use of streamlined bodies has the potential to 
greatly reduce the plume profile and therefore, a single and a double truncated NACA 
section was also analysed. 
ηb λ 
ηp 
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Figure 1.4: Variation of mast geometries used to analyse possible reductions in plume size to 
decrease risk of submarine detection (note: for a constant water-plane area). 
 
1.6  Novel Aspects of the Project 
 
As mentioned earlier, the flow around a bluff body piercing the free surface is 
extremely important for submarine operations as this can increase the risk of detection. 
Thus, it is essential that the flow can be accurately modelled and a good understanding of 
the flow regime around the body is acquired. However, very little information is available in 
the public domain on research carried out on the wake and plume generated by bluff bodies 
at the required operational conditions of a submarine. Thus, this project provides original 
contributions to the field of experimental hydrodynamics and CFD in the following three 
areas: 
 The flow around a bluff body piercing the free surface at submarine 
snorkeling/periscope speeds has had very little research completed using 
experimental or real-world data. Hay (1947) generated an extensive amount of data 
using still imagery of a range of cylinder sizes at speeds up to and greater than that 
required for this project (i.e. up to Fr=4.6). However, the results presented by Hay 
were limited to a very short submerged cylinder depths, and thus the change in 
cylinder drag and plume size as a result of submerged end effects were unknown. 
Slaouti et al. (1981) highlighted this, and stated that the end effects would influence 
both the bow wave height and drag coefficient of the cylinder. There are several 
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other examples of experiments using cylinders piercing the free surface (Chaplin et 
al., 2003; Hsieh, 1964; Lang et al., 2000), however, they concentrate on a much 
lower Froude number range than required to assist in the design of surface piercing 
masts of submarines operating near the surface. Therefore, developing a set of 
experimental results with a cylinder of significant submerged length would provide 
experimental data which could be used either as raw data for further research 
conducted on bluff bodies piercing the free surface or numerical validation for 
simulation models developed to examine variations in the geometry and 
configuration of such masts.  
 
 The development of a numerical simulation model for cylinders piercing the free 
surface at Froude numbers which correlate to typical submarine 
snorkeling/periscope speeds to study the flow and hydrodynamic characteristics. 
Similar to the experimental data, there is little information of numerical data of a 
bluff body piercing the free surface (Avital et al., 2009; Kawamura et al., 2002; Yu et 
al., 2008) in the public domain. However, no numerical simulation results are 
currently available at the required Froude number range. 
 
 The end effects of a flow over a three dimensional body is a well-known flow 
phenomena (Slaouti et al., 1981), which can alter the comparison of experimental 
data to real world scenarios. The quantification of the end effects using both 
experimental and numerical data would allow both currently published data and 
future results to be post-processed such that the data will represent real world 
applications. 
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1.7  Outline of the thesis 
 
This thesis comprises scientific papers supplemented by supporting chapters, which 
follow a ‘chapterised thesis’ structure as outlined below. 
Chapter 1: The introduction chapter outlines the research questions, aims, methodology, 
and novel aspects of the thesis. 
Chapter 2: A summary of the flow around a cylinder and various numerical models are 
discussed in this chapter. The benefits and negatives of each model are presented to 
determine the numerical models applicable for use throughout this thesis.  
Chapter 3: This chapter established the possibility of using CFD to generate and model the 
plume structure generated by a cylinder piercing the free surface using the open source CFD 
package OpenFOAM. A comparison between two fundamentally different numerical models 
was performed to assess the most applicable model for future CFD simulations. The results 
from a RANS model using the k-ω SST turbulence model and an LES model were compared 
against available published data. The methodology and key findings from this study were 
used to develop the CFD results and generate a complete set of simulations with varying 
mast geometries in the following chapters. 
Chapter 4: This chapter focused on establishing a set of experimental data which 
investigated the plume size generated in comparison to published data for a cylinder with 
relatively short immersion depth. The immersed cylinder length was then extended to 
investigate the differences between the previously published data and potential real-world 
results. The data obtained from this chapter was used to validate the numerical code used 
in Chapter 5 and 6 whilst also providing insight and information required for further 
experimental work. 
Chapter 5:  Using the findings from the previous experimental programme and the 
numerical results, the former was expanded to improve and increase the data collected.  
This included improved measurements of the plume structure and an improved test rig to 
measure and calculate the drag coefficient of the immersed cylinder.  The latter enabled the 
further validation of the numerical simulations as well as providing data on the drag 
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generated by the different configurations. This chapter also investigates the change in 
plume size due to immersed end effect using both an experimental and numerical approach 
through the addition of a streamlined end body to both the short and long immersed 
cylinders. This enabled the variation of the plume size due to the end effects to be 
quantified. 
Chapter 6: With the addition of the experimental results generated from Chapters 4 and 5, 
and the methodology and findings from the numerical investigation in Chapter 3, the plume 
structure was studied in closer detail using the CFD-LES model. This was validated against 
the experimental data, both for the short and long immersion depths, thus allowing the 
numerical set-up to be utilised for varying mast geometries and configuration to reduce the 
plume size and hence the risk of detection. Each mast configuration maintained the same 
water-plane area as this was considered an operational requirement. The configurations 
tested included double mast set-ups, where a secondary mast was located aft of the first 
mast, and streamlined mast shapes. The findings showed that the numerical models were 
able to model the plume structure generated by a submarine’s mast as well as providing a 
potential decrease in the plume structure through the use of a suitable double mast 
configuration. 
Chapter 7: During the experimental work and numerical validation included in the previous 
chapters, a constant under prediction of the bow wave height and plume height was 
recorded. This chapter investigates the stagnation pressure predicted by the numerical 
models as the major contributing factor. Additionally, the requirements for the cell aspect 
ratio required to accurately model the spray within the plume structure were studied and 
discussed. 
Chapter 8: This is the concluding chapter and provides a brief summary of the project 
followed by the body of the chapter that collates the findings and outcomes from the 
various chapters. These conclusions are then discussed in terms of the implications of the 
research and possible future work to address issues raised within the project, and to allow 
further development of options to reduce the plume structure and thus detection.  
Appendix I: This appendix presents the data collected from the towing tank experiments 
with regard to bow wave height to establish the percentage of experimental error. 
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Appendix II: This contains a conference paper presented at PACIFIC 2015 International 
Maritime Conference. The paper summarises the data presented in Chapters 4 and 6 with an 
emphasis on the application for submarines. 
Appendix III: This contains a conference paper published in the conference proceedings for 
RINA Warship 2017. This paper summarises the data presented in Chapters 5 and 6 with an 
emphasis on reducing the plume structure for submarines.  
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Flow Characteristics and Numerical Modelling 
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2.1  Flow around a cylinder 
 
This thesis concentrates on the wake and plume structure generated by a surface 
piercing cylinder and thus published data and studies concerning the plume size will be 
discussed in the appropriate chapters. However, the flow around a cylinder is critical to 
understand the fluid dynamics of the situation and how it will affect both the numerical and 
experimental set ups.  
The flow around a cylinder changes characteristics at different Reynolds number. As 
the Reynolds number increases, the flow changes from a completely laminar flow to a 
turbulent flow in stages. The stages are outlined in the Table 2.1. The CFD simulations are 
required to be versatile and robust to enable the changing flow regimes to be accurately 
captured whilst the experimental set-up is required to withstand each natural frequency 
generated by the cylinder. Submarines require a speed of approximately two knots as a 
minimum speed for control and an average speed of around 5 - 10 knots whilst snorkelling 
(Dawson, 2014). The corresponding flow regimes have been highlighted in yellow in Table 
2.1. The significant information here for the numerical modelling is the change in boundary 
layer flow and separation point. As can be seen, the lower speeds have a laminar boundary 
layer whilst at the higher Reynolds number, the boundary layer and separation point 
become turbulent. In terms of designing the experimental set-up, the change in wake 
profile, as seen in the furthest right column, a sudden generation of turbulent vortex 
shedding begins at Re=3.5x105 which suddenly increases the frequency imposed on the 
cylinder and experimental rig. Therefore, the natural frequency of the rig became a critical 
feature of the experimental design for two reasons. Firstly, to prevent failure of the rig, and 
secondly, in order to ensure the rig was structurally rigid in the locations the load cells were 
positioned. 
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Table 2.1: Stage of flow around a cylinder (Sumer et al., 1997). The flow regimes of interest to a 
typical periscope have been highlighted in yellow. 
Reynolds Number Flow  
>40 Vortex shedding begins 
 
40-200 Vortex shedding is laminar 
200-300 Transition to turbulent vortex 
shedding 
 
400 Vortices become turbulent 
300 - 3×105 Laminar boundary layer separation  
3×105 - 3.5×105 Transition phase. Laminar 
boundary layer with turbulent 
boundary layer separation  
3.5×105 - 1.5×106 Boundary layer becomes partially 
turbulent 
 
>1.5×106 Boundary layer becomes fully 
turbulent 
 
 
2.2  Numerical modelling 
 
There are several different methods which can be used to perform numerical 
simulations with the most commonly used method derived from the Navier Stokes 
equations. Therefore, to select the correct numerical model for this project, the main 
difference along with the potential benefits must be examined. The two most common 
methods, Reynolds Averaged Navier Stokes (RANS) and Large Eddy Simulation (LES), will be 
discussed and used for this thesis. 
The main difference between the two models mentioned above is the method with 
which the turbulence is resolved/modelled and thus the accuracy and computational 
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requirements of the simulations differ. Each of these models are described below to a 
certain degree with derivation of the Navier Stokes equations which has been well 
established (Cengel et al., 2010) 
 
2.3  Navier Stoke equations 
 
The Navier Stokes equations are derived from Newton’s second law of motion of 
fluids and are always solved with the continuity equation. The conservation of mass states 
that the rate of increase of mass within a closed volume must be equal to the mass flow rate 
into and out of the closed volume. The conservation of mass can be written as: 
?̇?𝑖𝑛 − ?̇?𝑜𝑢𝑡 =
𝜕
𝜕𝑡
𝑚𝑒𝑙𝑒𝑚𝑒𝑛𝑡     (2.1) 
Whilst the continuity equation can be expressed as: 
𝜕𝑢
𝜕𝑥
+
𝜕𝑣
𝜕𝑦
+
𝜕𝑤
𝜕𝑧
= 0          (2.2) 
The momentum equation is also required for the derivation of the Navier Stokes 
equations. In Cartesian coordinates for the x-component it can be expressed as: 
𝜌
𝐷𝑢
𝐷𝑡
= 𝜌𝑔𝑥 +
𝜕𝜎𝑥𝑥
𝜕𝑥
+
𝜕𝜎𝑦𝑥
𝜕𝑦
+
𝜕𝜎𝑧𝑥
𝜕𝑧
          (2.3) 
Using the above equations for continuity and momentum, several assumptions can 
be made such that they can be used in CFD analysis. These assumptions include: 
 Fluid flow is Newtonian 
 The viscous stress gradients are proportional to the velocity gradients 
 Fluid is isotropic or independent of direction 
Since the CFD analysis used in this thesis assumes that the fluid is incompressible, 
the Navier Stokes in vector form becomes: 
𝜌
𝐷𝑣
𝐷𝑡
= −∇𝜌 + 𝜌?⃗? + 𝜇∇2 ∙ ?⃗?     (2.4) 
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Therefore, the x-component of the incompressible Navier Stokes equation is: 
𝜌 (
𝜕𝑢
𝜕𝑡
+ 𝑢
𝜕𝑢
𝜕𝑥
+ 𝑣
𝜕𝑢
𝜕𝑦
+ 𝑤
𝜕𝑢
𝜕𝑧
) = −
𝑑𝑃
𝑑𝑥
+ 𝜇 (
𝜕2𝑢
𝜕𝑥2
+
𝜕2𝑢
𝜕𝑦2
+
𝜕2𝑢
𝜕𝑧2
) + 𝜌𝑔𝑥           (2.5) 
 
2.4  Reynolds Average Navier Stokes (RANS) 
 
Reynolds Average Navier Stokes equations use two additional equations to the NS 
equations in order to model the fluid flow. To reduce the computational requirements of 
the simulations, a set of equations is used to model the turbulence and thus allowing a 
coarser grid which does not need to resolve the turbulent features.  
Within the RANS-based turbulence models there are several different models. Two 
of these include the k-epsilon and k-omega models. These two models are the most 
common type of turbulence models currently used which are both two equation models. 
Two equation models use two extra equations which allows them to account for the effects 
of turbulent energy. Both the k-epsilon and k-omega use the turbulent kinetic energy term k 
which determines the energy in the turbulence. The second term for the k-epsilon model is 
the turbulent dissipation, ε. The second term for the k-omega model is the specific 
dissipation, ω. The second term in both cases determines the scale of the turbulence.  
 
2.4.1 k-epsilon model 
 
This model has been regarded to be useful for free-shear layer (Bardina et al., 1997), 
with small pressure gradients offering a good compromise between accuracy and 
robustness. However, due to the limitations in the equations, the k-epsilon model is not 
recommended for: 
 Flow which is subject to boundary later separation 
 Flows which contain a sudden change in the mean strain rate 
 Flows located in rotating fluids 
 Flows travelling over curved surfaces 
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The turbulent kinetic energy is defined as the change in fluctuations in velocity and 
the turbulent eddy dissipation is the rate at which these velocity fluctuations dissipate. 
These equations are expressed as: 
 
For the turbulent kinetic energy k 
𝜕
𝜕𝑡
(𝜌𝑘) +
𝜕
𝜕𝑥𝑖
(𝜌𝑘𝑢𝑖) = ∇ [(𝜇 +
𝜇𝑡
𝜎𝑘
) + ∇𝑘] + 𝑃𝑘 + 𝑃𝑘𝑏 − 𝜌𝜖  (2.6) 
 
For the dissipation ε 
𝜕
𝜕𝑡
(𝜌𝜖) + ∇(𝑝𝜖𝑢𝑖) = ∇ [(𝜇 +
𝜇𝑡
𝜎𝜖
) + ∇𝜖] +
𝜖
𝑘
(𝐶𝜖1(𝑃𝑘 + 𝐶3𝜖𝑃𝑏) − 𝐶𝜖2𝜌𝜖)     (2.7) 
 
Pk represents the turbulence production due to viscous forces, Pkb and Pϵb represent the 
buoyancy forces. OpenFOAM uses the following values as default for the coefficients: 
𝐶𝜇 = 0.09 
𝜎𝑘 = 1.0 
𝜎𝜖 = 1.30 
𝐶𝜖1 = 1.44 
𝐶𝜖2 = 1.92 
2.4.2 k-omega model 
Similarly to the k-epsilon model, the k-omega model uses two equations with the 
main difference that this model assumes that the turbulent viscosity is linked to both the 
turbulent kinetic energy and the turbulent frequency. Therefore, the turbulent kinetic 
energy differs slightly from above.  
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For the turbulent kinetic energy k 
 
𝜕
𝜕𝑡
(𝜌𝑘) + ∇(𝑝𝑘𝑢𝑖) = ∇ [(𝜇 +
𝜇𝑡
𝜎𝑘
) + ∇𝑘] + 𝑃𝑘 − 𝛽
′𝜌𝑘𝜔 + 𝑃𝑘𝑏        (2.8) 
 
For the dissipation ω 
𝜕
𝜕𝑡
(𝜌𝜔) + ∇(𝑝𝜔𝑢𝑖) = ∇ [(𝜇 +
𝜇𝑡
𝜎𝜔
) + ∇] + 𝛼
𝜔
𝑘
 𝑃𝑘 − 𝛽𝜌𝜔
2 + 𝑃𝜔𝑏       (2.9) 
As with the k-epsilon model, Pk represents the turbulence production due to viscous 
forces, Pkb and Pωb represent the buoyancy forces. OpenFOAM uses the following values as 
default for the coefficients 
 
𝛽′ = 0.09 
𝛼 =
5
9
 
𝛽 = 0.075 
𝜎𝑘 = 2 
𝜎𝜔 = 2 
 
However, the standard k-omega model is very rarely used due to the fact that it is 
extremely sensitive to the inlet free-stream turbulence properties. The most common k-
omega model is the shear stress transport (SST) model. This model combines the k-omega 
equations with the k-epsilon model by applying the k-omega model to the inner parts of the 
boundary layer and switching to the k-epsilon model in the free-stream. Therefore, the SST 
formulation is appropriate for simulations with adverse pressure gradients which require 
both near wall and far field modelling. Hence, the SST model will be used during Chapter 3 
in order to compare against LES models discussed below. 
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2.5  Large eddy simulation (LES) 
 
Large eddy simulation attempts to accurately predict the dynamics of the large 
eddies whilst also modelling the small, sub-grid scales of motion (Piomelli et al., 2001). It 
applies the theory that the large eddies are flow dependent on the geometry and the small 
eddies are isotropic and more universal. The field is effectively separated into a resolved 
part and a sub-grid part. The large eddies are represented by the resolved part whilst the 
small scales are represented by the sub-grid part. The effect of the sub-grid part is 
incorporated into the resolved field through the Sub-Grid Scale (SGS) model. 
Since the large scale eddies are resolved accurately, fine grids and small time-steps 
are required which necessitates large amounts of computational power. The Sub-Grid Scale 
models for LES simulations appear very similar to RANS simulations in that the smaller 
eddies are modelled. However, the accuracy with which the eddies that are modelled using 
LES simulations is far less critical due to their relatively small influence on the total flow 
when compared to the model eddies using a RANS model.  
The method used to differentiate between the large and the small eddies, a filter is 
applied which derives the locally weighted averages of the flow properties. The essential 
property of the filtering process is the filter width, Δ, which defines the length-scale. This 
has the effect that any scales smaller than the filter width fall within the Sub-Grid Scale and 
are therefore modelled, whilst scales which are large than Δ are resolved.  
There are several different filters which can be applied to LES simulations. The three 
most common filters include the Gaussian filter, top-hat filter, and the sharp Fourier cut-off 
filter (Verhoeven, 2011). Whilst each of these methods has certain advantages, only the 
implicit top-hat filter is used with the standard LES model within OpenFOAM, with several 
choices for the filter width calculations. These calculations include Prandtl delta, the cube 
root of cell volume delta, maximum of x, y, and z delta, and the smoothing of delta.  
Once the small scales are filtered out from the large scale eddies the small scale 
eddies are modelled. This was first formulated by Smagorinski (1963) and developed by 
Kolmogorov (1991) which assumed that the small scale eddies were uniform and that the 
small scale eddies reduced the energy from the large scale eddies through the cascade 
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process. Therefore, the Smagorinsky model assumed that the small scales dissipated the 
energy entirely and instantaneously. However, this assumption generated an issue with 
excessive energy dissipation in laminar flows. This issue can be overcome with the addition 
of one or more equations which can vary a range of parameters such as the isotropic decay 
or the sub-grid eddy-viscosity based on near wall distance or cell volume.  
Some of the sub-grid scale models in addition to the Smagorinsky model include: 
 Van Driest damping function 
o A damping function applied to the sub-grid eddy viscosity which 
reduces the Smagorinsky constant as a function of wall-normal 
distance. However, this is generally considered not to be the 
preferred method as the sub-grid scale ideally should depend on the 
local flow properties.  
 One-equation eddy viscosity models 
o There are several models which use the eddy viscosity approach in 
which, generally, an equation is added to the eddy-viscosity model of 
Smagorinsky. An equation can be applied to either the sub-grid scale 
kinetic energy, viscosity or vorticity. Some examples of these models 
include the one-equation eddy and the Spalart-Allmaras model. Whilst 
these models provide a significant improvement over the Smagorinsky 
model due to independently calculated SGS based on local flow, when 
the flow is not in equilibrium, there is still a deficiency in that they do 
not address the difference between the sub-grid scale stress and the 
rate of strain tensor.  
 Mixed models 
o The principal for the majority of mixed models is that the small 
modelled eddies have an effect on the large resolved eddies and thus 
they do not assume the sub-grid scale eddies dissipate 
instantaneously as the previous models do. One such example is the 
scale-similarity model which essentially uses the interaction between 
the larger and smaller resolved eddies to extrapolate how the smallest 
resolved eddies interact with the model SGS eddies. The extrapolation 
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of the SGS eddies results in an under prediction of the energy 
dissipation and thus is combined with the eddy-viscosity model to 
produce the mixed model. 
 
After assessing the benefits and negatives of each LES model, and the high 
computational requirements of LES simulations, it was decided that one model would be 
used for this thesis. The chosen model was the one-equation eddy model found in the 
OpenFOAM package. The three contributing factors to this choice was: 
 One-equation eddy models provide an advantage over standard algebraic models 
(i.e. Smagorinsky) due to the independently calculated SGS velocity scale. 
 Although mixed models have certain benefits, the one-equation model was 
preferred due to the increased complexity of the mixed models (de Villiers, 2006) 
and the possibility of a loss of accuracy in the results due to mesh sensitivity (Cabot 
et al., 1999). 
 The one-equation model has been shown to perform well against other LES models 
including the modelling vortex shedding (Fureby et al., 1997; Penttinen, 2011). 
 
The One-equation Turbulent Energy model used within the OpenFOAM package is 
based on the eddy-viscosity concept with the addition of the sub-grid scale (SGS) to solve 
the transport equation. In the One-equation Turbulent Energy model, the assumption is 
made that the SGS turbulent energy is isotropic and can be expressed as (Penttinen, 2011). 
𝜕
𝜕𝑡
(𝑘) +
𝜕
𝜕𝑥𝑖
(𝑈𝑖𝑘) −
𝜕
𝜕𝑥𝑖
(𝑣𝑆𝐺𝑆
𝜕
𝜕𝑥𝑖
(𝑘)) = −𝐵𝐿 −
𝑐𝑒𝑘
2
3
∆
       (2.10) 
where: 
𝑣𝑆𝐺𝑆 = 𝐶𝑘𝑘
1
2∆          (2.11) 
𝜖 =
𝐶𝜖𝑘
3
2
∆
      (2.12) 
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and k is the kinetic energy, v is the eddy-viscosity, where the –BL term corresponds to the 
decay of turbulence from the ‘resolved scales to the SGS via the energy cascade’ (de Villiers, 
2006), ϵ is the turbulent dissipation, Ck=0.094 and Cϵ=1.048. This equation can be broken 
down into each term. The first term is the change in turbulent SGS kinetic energy with 
respect to time. The second term defines the convection and the third term describes the 
diffusion.  
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Abstract 
When a vertical axis surface piercing cylinder, such as a submarine's periscope or 
snorkel, has forward motion it generates a wave plume. In the past, experiments have been 
conducted in a towing tank to investigate the shape of this plume (Hay, 1947).  However, 
these experiments, and many others (Conway et al., 2016; Metcalf et al., 2006), are 
generally conducted with a finite cylinder length, without an end body for practical reasons. 
Although it is well understood that changing the end condition of a surface piercing cylinder 
will affect both the plume size and drag coefficient, there is very limited information in the 
public domain quantifying this effect.  
This paper reports on an investigation into the plume structure generated by a 
surface piercing cylinder with different submerged end depths, with and without an end 
body, using both experimental and numerical analysis. 
The first set of mast configurations used a surface piercing cylinder with end depths 
equal to 2.0 and 10.0 times the diameter of the cylinder, which replicated previous 
experimental data. The second set of mast configurations used a streamlined body attached 
to the deep end of the cylinder to investigate the effect of the end geometry on the plume 
structure. 
It was shown for the surface piercing cylinder with no end body, that if the depth of 
the cylinder end below the free surface was greater than a depth to diameter ratio of 8.0, 
the size and shape of the wave plume is unaffected by end effect.  However, at lower depth 
to diameter ratios the wave plume is affected by the immersion depth, and is generally 
smaller than for the cylinder with a deeply submerged end. 
It was also shown that adding an end body reduces the depth of immersion of the 
end required to ensure that the shape of the plume is unaffected by the depth of 
immersion. 
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5.1  Introduction 
 
In experimental programmes, accurately replicating a surface piercing appendage 
that terminates below the surface at a submerged body is extremely difficult due to the end 
effect at the submerged end. If the submerged end body is not included in the experimental 
testing (which may not be practical), the test may not replicate the desired conditions. In 
order to accurately model the flow conditions and the resulting plume structure, it is 
required to quantify the variations in plume size due to the end effect at various depths and 
configurations. Thus, this project investigates a range of cylinder configurations including 
two different immersion depths (Table 5.1) along with the addition of a streamlined end 
body at both lengths tested.  
Whilst no published data could be found in the literature relating to vertical axis 
cylinders piercing the free surface with streamlined bodies attached at high diameter 
Froude numbers (Fr > 3), there are limited sets of published experimental data without end 
bodies (Conway et al., 2016; Hay, 1947; Metcalf et al., 2006; Sumner, 2010) which show that 
at high diameter Froude numbers, a large plume structure and bow wave is generated.  
 Mentor (1994) stated that the bow wave height is based on the energy generated by 
the stagnation pressure and thus Bernoulli’s equation which is shown in Equation (5.1). 
𝜂𝑏
𝐷
=
𝐹𝑟2
2
                   (5.1) 
where ηb is the bow wave height, D is the cylinder diameter, and Fr is the diameter Froude 
number as calculated using Equation (5.2), where U is the forward velocity and g is the 
acceleration due to gravity. 
𝐹𝑟 =
𝑈
√𝑔𝐷
                                (5.2) 
Equation (5.1) can be used to determine the maximum height of the bow wave. 
However, this applies only to inviscid flow and thus is likely to over predict the bow wave 
height at high Froude numbers. Most significantly to the plume size and structure, the 
authors previously suggested (Conway et al., 2016) that the plume structure is generated by 
two separate flow phenomena. The forward region, is generated by the bow wave 
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separating from the cylinder, which falls downstream of the cylinder. The second region is 
generated by the submerged section of the cylinder.  
This paper focuses on both an experimental and numerical approach where the 
experimental data was used to validate the numerical model, which then permitted the end 
effect to be studied in closer detail for the different configurations. The four configurations 
investigated are summarised in Table 5.1 where T’ refers to the non-dimensional cylinder 
immersion depth ratio T/D, with T being the immersed depth of the cylinder and D the 
diameter of the cylinder. 
 
Table 5.1: Summary of mast configurations investigated. 
Configuration 
number 
T’=T/D End body 
configuration 
Cylinder 
Diameter 
(mm) 
Cylinder 
Immersion 
(mm) 
1 2 No 100 200 
2 2 Yes 100 200 
3 10 No 100 1000 
4 10 Yes 100 1000 
 
 
In order to compare the results between different geometries, the coefficient of drag 
(CD) (CD defined in Equation (5.11)), bow wave height (ηb), plume length (λ) and plume 
height (ηp) are used as shown in Figure 5.1. The changes in cylinder immersion and the 
addition of the end body may alter the end effect on the above parameters. Slaouti et al. 
(1981) investigated the effect of flow around the end of a cylinder at low diameter based 
Reynolds numbers (60 < Re < 200). They concluded that the end of the cylinder can affect 
the size of the wake generated, stating that a smaller wake was generated when the free 
end was close to the surface, compared to a deeply submerged free end.  
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Figure 5.1: Definition of parameters used showing ηb, bow wave height, λ, plume length, and, ηp, 
plume height. 
 
An application for this research is to model the plume structure generated by 
submarine masts. As a submarine pierces the free surface with a snorkel or periscope at 
high diameter Froude numbers (Fr > 3.0), a large bow wave and plume structure can be 
generated. This may be detectable by radar or visual sighting and can thus compromise the 
stealth of the submarine. Therefore, understanding and modelling of this plume structure is 
essential to maintain stealth during such operations.  
The typical forward velocity and mast diameter of a submarine at snorkelling speeds 
correspond to a diameter Froude number to a maximum of around four. Previously 
published experimental data for surface piercing cylinders is very limited at high Froude 
numbers with most results limited to a Froude number up to 1.65. Hay (1947) created a 
large set of experimental data measuring the parameters shown in Figure 1 for cylinders of 
different submerged depth and diameter at a range of speeds corresponding to diameter 
Froude numbers between 1.6 and 4.9. Mentor (1994) performed a similar set of 
experiments, with the addition of pressure measurements below and above the still water 
surface level. However, these were limited to a Froude number of less than 1.65.  Metcalf et 
al. (2006) performed a set of experiments measuring pressure using a NACA0024 cross 
section rather than a circular cylinder across a range of cord width based Froude numbers 
between 0.19 and 0.55.  
Bow Wave Height ηb 
Submerged 
Depth T 
Plume Height ηp 
Plume Length λ 
Free Surface 
Cylinder 
Stagnation 
pressure point 
ηb λ 
ηp 
Page | 64  
Chapter 5  
Similarly for numerical data, there is very limited data published with reference to 
the wake and plume generated by a bluff body at high Froude numbers. Two examples of 
numerical investigations at low Froude numbers are found in the research conducted by 
Kawamura et al. (2002) and Yu et al. (2008). Whilst Kawamura et al. only modelled the wake 
generated by a cylinder at Froude numbers of 0.2, 0.5 and 0.8, Yu et al. modelled the wake 
up to a Froude number of 3. However, Yu et al. investigated primarily the wake and bow 
wave height without mentioning the plume structure. They found poor correlation to the 
experimental data published by Hay (1947) at Froude numbers greater than 2. 
The authors have previously published data (Conway et al., 2016; Conway et al., 
2017a) which details the studies conducted both numerically and experimentally to 
characterise the plume structure generated by surface piercing bluff bodies. The present 
study extends this work by modifying the experimental test rig to accurately record drag 
data and quantifying the end-effect both numerically and experimentally.  
In addition, there is little available data regarding the oscillations which are present 
with bluff bodies piercing the free surface under the conditions discussed. These oscillations 
are understood to be caused by the Bernard-von Karman instability (Hernandez et al., 2000). 
The present study includes a brief investigation into the frequency of the bow wave 
oscillations and changes in frequency over the Froude number range. 
 
5.2  Experimental approach  
 
The experiments conducted for this work was carried out in the towing tank located 
in the Australian Maritime College (AMC). The tank has a length of 100 m, width of 3.55 m, 
and a depth of 1.5 m, with a carriage capable of towing models at speeds up to 4.6 m/s. This 
allowed 0.6 m clearance between the end of the cylinder and the bottom of the tank. 
In order to ensure the carriage and set-up was capable of carrying out the 
experiments at the required speeds, six issues were considered. These were: plume size 
clearance, total drag, vortex shedding, load cells, plume size recording, and end body 
dimensions. These are discussed below. 
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5.2.1 Plume clearance 
 
The bow wave height at different Froude numbers published previously by Hay 
(1947) and the authors (Conway et al., 2016) are presented in Figure 5.2. The upper limit 
line is based on Bernoulli’s equation (Equation 5.1) as given by Mentor (1994). The 
maximum predicted bow wave height and plume height at Fr = 4 was measured to be 
550 mm and 700 mm respectively. Therefore, these values were used to determine the 
location of the cylinder on the tow tank carriage in order to remove interference of the 
carriage on the plume. 
 
 
Figure 5.2: Comparison of non-dimensional bow wave height ηb/D from Hay (1947) and Conway et 
al. (2016) and the theoretical upper limit based on stagnation pressure. 
 
5.2.2 Drag 
 
An important consideration for the rig set-up was that it must withstand the 
significant loads which are generated in the highest load configuration, which was 
considered to be the long cylinder with the attached end body (condition 4). A preliminary 
Computational Fluid Dynamics (CFD) analysis was conducted to determine the approximate 
loads, followed by a Finite Element Analysis (FEA) to ensure that the rig would not fail 
and/or the cylinder would not undergo significant deflection. The study concluded that the 
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cylinder with a wall thickness of 4 mm would withstand the hydrodynamic forces with a 
maximum deflection of approximately 2 mm over the 1.97 m between the lower bearing 
and the end of the cylinder. 
 
5.2.3 Load Cells 
 
Due to the transient hydrodynamic forces and the arrangement of the towing tank 
and its carriage, it was essential that the cylinder mounting and load cell arrangement was 
designed to accurately measure the drag generated by the cylinder and the end body. Figure 
5.3 shows a schematic of the mounting arrangement with the appropriate load cell position 
relative to the water surface. Figure 5.4 shows the overall and detailed set-up of the load 
cells used for the experiments. In order to remove vertical forces on both load cells, a 
horizontal low friction bearing track and pillow block arrangement was used, which is shown 
in the bottom right photo in Figure 5.4. The horizontal track allowed the total mass plus any 
change in vertical loading to be transferred through the rig, whilst allowing all reaction 
forces on the bottom load cell (tension) to be recorded. The bottom load cell was a XTRAN 
S1W rated to 2 kN. The pillow block bearing provided a pivot location around the bottom 
load cell connection point to prevent the generation of a load moment. The top load cell 
was a simple compression point using an AMTI MC3A 250 load cell rated to 1112 N. The load 
cell was configured with a two face contact to record the resultant force at the top of the 
cylinder.  
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Figure 5.3: Schematic representation of experimental set-up to demonstrate approximate 
configuration of load cells (not to scale). 
 
 
 
Figure 5.4: Overall experimental set-up (left) and detailed views of the top load cell arrangement 
(top right) and the bottom load cell, bearing track, and pillow block bearing configuration (bottom 
right). 
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5.2.4 Plume size measurements 
 
In order to accurately measure the plume size, bow wave height, and bow wave 
height oscillations; a combination of still photography, videography, draft marks, and tape 
measures were used as shown in Figure 5.5. The still photography camera, a Digital Single-
Lens Reflex (DSLR) camera, was positioned on the starboard side with the intention of 
capturing the bow wave height, plume height, and plume length. The video camera, a GoPro 
camera set to capture at 50 frames/second, was also mounted on the starboard side facing 
port, tasked to capture the oscillations in the bow wave and plume size. In order to calculate 
the required dimensions from the cameras, the cylinder was clearly marked with major draft 
markings on the starboard side in clear view of both cameras to measure the bow wave 
height, ηb, and plume height, ηp. Additionally, a 3 m tape measure attached to a rigid beam 
was suspended horizontally lengthwise on the carriage to allow measurement of the plume 
length, λ. 
 
Figure 5.5: Experimental rig set-up showing the tape measure, draft marks, DSLR camera, and GoPro 
camera. 
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5.2.5 End body 
 
As a critical part of the experimental design, the end body was designed to reduce 
the effect of a free end without increasing the potential load on the rig beyond failure. It 
was estimated that a 250 mm diameter body of revolution was the largest body that could 
be accommodated with the restrictions imposed by the carriage and towing tank cross 
section. The end body used was a streamlined body with a total length of 1.2 m, which 
included a cylindrical mid-section 0.62 m long. Figure 5.6 shows the length and shape of the 
end body, with Figure 5.5 showing the body attached to the cylinder in the towing tank. The 
forward and aft sections of the end body were produced using 3-D printing to accurately 
generate the required profile, while a 250 mm diameter PVC piping was used for the 
cylindrical parallel mid-body section. In order to reduce vertical loading on the load cells and 
the experimental rig, the end body was flooded during testing.  
 
Figure 5.6: Shape and dimensions of the end body used, including the location of cylinder joint. 
 
 
 
 
 
 
 
 
Centre line 
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5.3  Numerical approach 
 
5.3.1 OpenFOAM and governing equations 
 
The authors have previously (Conway et al., 2013) established that the Reynolds 
Average Navier-Stokes (RANS) models due to inherent turbulence averaging are not capable 
of modelling the plume structure of a moving surface piecing cylinder. In contrast it was 
shown that Large Eddy Simulation (LES) models were able to accurately model the plume 
structure. Therefore, all numerical simulations performed in this study utilised LES models 
using the open source CFD software OpenFOAM, which includes an inbuilt meshing 
software. The LES simulations employed in this study utilised the One-Equation Eddy model, 
which uses the Navier-Stokes equations with the Sub-Grid Scale (SGS) model in order to 
model the smaller eddies whilst solving the larger eddies (Foundation, 2013; Piomelli et al., 
2001). The governing equations used in the simulation models can be expressed for 
incompressible flow as follows,  
𝜌 (
𝑑𝑈
𝑑𝑡
+ 𝑈 ∙ 𝛻𝑈) = −𝛻𝑝 + 𝜇𝛻2𝑈                                                        (5.3) 
𝛻 ∙ 𝑈 = 0                                                                             (5.4) 
where, ρ is the fluid density, U is the flow velocity, p is the fluid pressure, μ is the fluid 
viscosity, t is time, and ∇ is the divergence. 
The One-equation Turbulent Energy model was used within OpenFOAM, with the 
assumption is made that the SGS turbulent energy is isotropic and can be expressed as 
(Penttinen, 2011); 
𝜕
𝜕𝑡
(𝑘) +
𝜕
𝜕𝑥𝑖
(𝑈𝑖𝑘) −
𝜕
𝜕𝑥𝑖
(𝑣𝑆𝐺𝑆
𝜕
𝜕𝑥𝑖
(𝑘)) = −𝐵𝐿 −
𝑐𝑒𝑘
2
3
∆
      (5.5) 
where: 
𝑣𝑆𝐺𝑆 = 𝐶𝑘𝑘
1
2∆                      (5.6) 
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and k is the kinetic energy, v is the eddy-viscosity, BL corresponds to the decay of the 
turbulence, ϵ is the turbulent dissipation, Ck=0.094 and Cϵ=1.048. Equation (5.6) can be broken 
down into each term. The first term is the change in turbulent SGS kinetic energy with respect 
to time. The second term defines the convection and the third term describes the diffusion. 
 
5.3.2 Simulation parameters 
 
As the numerical simulations were conducted to model the experimental set-up, the 
flow around the mast was considered to be incompressible, turbulent, and two phase (i.e. 
water and air). The cylinder diameter, cylinder depth, and end body dimensions of the 
numerical model matched the dimensions of the tow tank experimental setup, while the 
computational domain (except for its length) replicated the dimensions of the tow tank. The 
numerical domain and grid remained as similar as possible for the four different 
configurations given in Table 5.1, whilst being optimised for a Froude number of 4.0 in order 
to capture the entire plume structure at the largest possible plume size. The difference 
between each grid was the length of the cylinder along with thickness of the boundary layer 
in order to maintain the same y+ value at all tested speeds. 
The numerical grid was generated using the OpenFOAM inbuilt meshing software, 
SnappyHexMesh, which is capable of using hanging nodes and inflation layers. Hanging 
nodes allows the user to increase the density of cells in specified areas whilst the inflation 
layer allows the flow within the boundary layer of the cylinder and end body to be solved. 
The mesh used for the T’=2.0 with the end body simulations is shown in Figure 5.7 showing 
the cylinder, end body, inflation layer and mesh refinement areas. 
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Figure 5.7: Mesh used for numerical simulations showing end body, cylinder refinement areas, and 
inflation layer for a cylinder immersion depth to diameter ratio of T'=2. 
 
The bottom and side domain dimensions were selected to represent the tow tank 
used for the experiments and the top of the domain was selected to be able to fully capture 
the plume profile. In order to reduce the computational effort required, the grid size was 
minimised with the use of hanging nodes in the areas of interest around the plume 
structure and along the free surface (Figure 5.7). The refinement level was specified by the 
number of cells. A single cell was split by, i.e. 2n, where n is the refinement level. The 
refinement areas were concentrated to an area 120% larger than the expected plume size 
with a combination of refinement levels up to four. This method allowed for a fine grid in 
the required areas around the plume, free surface and cylinder/end body, whilst rapidly 
decreasing to a course grid outside these areas. For example, the refinement area sizing 
within the plume region resulted in cells which were approximately 3 x 1.5 x 1.5 mm (xyz 
axis) in size, whilst in the region just outside the plume, the cells were approximately 90 x 30 
Cylinder 
Free surface 
refinement 
Plume refinement 
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Inflation 
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x 30 mm. This allowed the computational requirements to be reduced whilst numerically 
dampening out the turbulent flow as it approached the domain exits and the boundaries, 
thus increasing the stability of the simulations.  
 
5.3.3 OpenFOAM simulation setup 
 
As OpenFOAM is an open source software, the user has significant control over the 
simulation through changing settings within the software. This study used OpenFOAM 
v2.2.1, with several settings selected to suit the required simulations including the linear 
system solvers, interpolation schemes, and solver settings which are discussed below.  
The flow around bluff bodies, such as cylinders, generates several flow instabilities 
which tend to cause numerical simulations to become unstable and fail. Therefore, the 
interpolation schemes and solvers selected were based on two main criteria. Firstly, 
schemes and solvers were chosen in order to increase numerical stability without 
significantly affecting the accuracy of the results. The second criterion was to reduce the 
computational requirements.  
To solve for the pressure, the Preconditioned Conjugate Gradient (PCG) linear 
system solver with Geometric-Algebraic Multi-Grid (GAMG) as a pre-conditioner was 
utilised. This was selected as the pressure was found to be sensitive to the instabilities 
caused by the flow around the end of the cylinder, whilst the PCG solver increased the 
stability of the simulation. The GAMG pre-conditioner offers the advantage of generating a 
quick solution using a course mesh to generate an initial condition for each time step, which 
reduces the computational effort and increases the stability of the simulation (OpenFOAM-
Foundation, 2013). The solver and pre-conditioner used for the velocity field was the default 
settings used within OpenFOAM given below, as the velocity field appeared to have little 
effect on the simulations from changes in the velocity solvers. The solver used was the 
Preconditioned BiConjugate Gradient (PBiCG) solver with the Diagonal Incomplete LU (DILU) 
as the pre-conditioner. In addition to the solvers, the PIMPLE algorithm was used to couple 
the equations for momentum and mass conservation. The PIMPLE algorithm is specific for 
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OpenFOAM and is a combination of the more standard Pressure-Implicit Split Operator 
(PISO) and Semi-Implicit for Pre-conditioner Equations (SIMPLE) algorithms.  
The second criterion was to reduce computational requirements and as such, the 
OpenFOAM kqrWallFunction was applied to the k field. The addition of this wall function 
allows the boundary layer sub-layer grid height to be increased from a y+ value of one up to 
approximately 30 (OpenFOAM-Foundation, 2013).  
 
5.3.4 Numerical verification 
 
A grid independence study was conducted to determine if the settings selected were 
applicable for generating a plume structure. As T’=2.0 at Fr=4.0 was the most extreme case 
in this study due to the large plume structure and end effect, the corresponding speed and 
depth was employed for the grid independence study. 
The first stage of the grid independence study involved investigating the effect of the 
inflation layers within the boundary layers. The boundary inflation layer was analysed by 
comparing the y+ value against the bow wave height. The y+ value is calculated using 
equation (5.7) as, 
𝑦+ =
𝑦𝑢𝜏
𝜈
             (5.7) 
where y is the distance to the wall, uτ is the friction velocity, and ν is the kinematic viscosity. 
Figure 5.8 shows the y+ study results in which the bow wave height is plotted for the y+ 
range varying from 160 to 30, (i.e. as the distance from the surface to the first layer is 
reduced). As seen, the bow wave height begins to plateau at a y+ value of approximately 45. 
Therefore, all the simulations were conducted with an inflation layer such that the y+ value 
remained approximately around 35.  
Furthermore, a grid independence study was conducted to investigate the mesh 
sensitivity to grid density. This was done by progressively increasing the mesh density, 
especially around the areas of concern, such as the free surface and plume region, until 
changes to the plume length and height were relatively insignificant.  Figure 5.9 shows the 
percentage difference in plume length and height in comparison to those obtained for a 14 
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million cell mesh. It is clearly seen that the mesh achieves grid independence around a mesh 
density of 8-10 million elements, and hence, a mesh of 10 million elements was used for the 
numerical simulations. 
 
 
Figure 5.8: Grid independence study based on y+ and bow wave height (ηb) at Fr=4.0 and T’=2.0 
without an end body. 
 
 
Figure 5.9: Mesh density study using plume height and plume length at Fr=4.0 and T’=2.0 without an 
end body compared to % difference to a 14 million element mesh. 
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5.4  Results and discussion 
 
Firstly, the numerical simulation was validated using the experimental results for 
both the drag and plume dimensions for all conditions, with results from two of the four 
conditions presented below. The validated numerical code allowed the numerical 
simulations to be used to investigate the influence of the cylinder immersion depth (T') and 
end conditions on the plume size and drag coefficient as a function of Froude number.  
The data gathered related to the plume size obtained through both the numerical 
and experimental approaches are also presented in this section. The results have been 
non-dimenionalised with respect to the Froude number where the non-dimensional bow 
wave height, ηb’, plume height, ηp’, and plume length, λ’, are defined in Equations (5.8), 
(5.9), and (5.10) respectively. 
 
    𝜂𝑏
′ =
𝜂𝑏
𝐷𝐹𝑟2
                                                                      (5.8) 
    𝜂𝑝
′ =
𝜂𝑝
𝐷𝐹𝑟2
                                                                                 (5.9) 
    𝜆′ =
𝜆
𝐷𝐹𝑟2
                                                                  (5.10) 
The drag coefficient (CD) of the cylinder is presented as a function of Froude number 
based on submerged frontal area of the cylinder only as, 
𝐶𝐷 =
𝐹
2𝜌𝑈2𝐴
              (5.11) 
where, F is the drag force on the cylinder, ρ is the water density, U is the forward velocity of 
the cylinder, and A is the total frontal submerged area of the cylinder. For the numerical 
cases, the drag encountered by the cylinder was calculated separately from the end body 
(when the end body was attached) and thus the CD was calculated only for the cylinder. The 
CD was also obtained for the experimental cases when the end body was not attached. 
However, with the experimental set-up, it was not possible to separate the cylinder drag 
force and the end body drag force, as they were recorded as a total value, and thus, no CD is 
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presented for experimental results with the end body attached (i.e. for configurations two 
and four in Table 5.1) 
5.4.1 Numerical validation 
 
The numerical simulations were compared to the equivalent experimental data with 
the numerical domain representing the experimental rig and testing conditions. The 
comparison of the numerical and experimental results for the T’=2.0 immersion with and 
without end body is given in Figure 5.10 to Figure 5.13. At Froude numbers lower than 
Fr=3.0, the plume size was not fully developed and thus no measurements were taken for 
the plume length or plume height. Therefore, the data in Figure 5.11 and Figure 5.12 are 
only for Froude numbers above 3.0. 
 
 
Figure 5.10: Comparison of non-dimensional bow wave height, ηb’, as functions of Froude number, 
Fr, using experimental and numerical results for T’=2.0 immersion, with and without an end body. 
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Figure 5.11: Comparison of non-dimensional plume height, ηp’, variation with respect to Froude 
number, Fr, using experimental and numerical results for T’=2.0 immersion, with and without an end 
body. 
 
 
 
Figure 5.12: Comparison of non-dimensional plume length, λ’, variation with respect to Froude 
number, Fr, using experimental and numerical results for T’=2.0 immersion, with and without an end 
body. 
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Figure 5.13: Comparison of drag coefficient, Cd, variation with respect to Froude number, Fr, using 
experimental and numerical results for the 200 mm depth, without an end body. 
 
 
Figure 5.14: Comparison of non-dimensional bow wave height, ηb’, as functions of Froude number, 
Fr, using experimental and numerical results for T’=10.0 immersion, with and without an end body. 
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Figure 5.15: Comparison of non-dimensional plume height, ηp’, variation with respect to Froude 
number, Fr, using experimental and numerical results for T’=10.0 immersion, with and without an 
end body. 
 
 
Figure 5.16: Comparison of non-dimensional plume length, λ’, variation with respect to Froude 
number, Fr, using experimental and numerical results for T’=10.0 immersion, with and without an 
end body. 
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wave height, the numerical predictions capture the reduction in non-dimensional bow wave 
height as a function of Froude number for both configurations tested, i.e. the cylinder with 
and without an end body. This indicates that whilst the numerical simulation tends to 
underestimate the bow wave height at Froude numbers greater than 3.0, it is capable of 
capturing the changes in the bow wave height as a result of different cylinder end 
configurations. 
The plume length, as shown in Figure 5.12, shows a strong correlation between the 
experimental and numerical data for both mast configurations with a small yet consistent 
under predication when compared to experimental data. The plume height, Figure 5.11, 
shows a similar correlation between the numerical predictions and the experimental 
measurements as was observed for the bow wave height (Figure 5.10). That is, whilst the 
numerical simulation under predicts the plume length (Figure 5.11) when compared to the 
experimental measurements, the constant plume height difference between both mast 
configurations can be seen in both sets of data.  
In addition to the plume size and bow wave height, the drag coefficient was used to 
validate the numerical simulations as presented in Figure 5.13. As mentioned earlier, the 
drag coefficient could only be recorded for the cylinder without the end body condition 
experimentally. As can be seen the numerical predictions agree well with both Hay’s (1947) 
and the present experimental measurements.  
Similarly, the validation for the T’=10.0 immersion condition is given in Figure 5.14 to 
Figure 5.16. Whilst the bow wave height (Figure 5.14) under predicts at higher Froude 
values, which could be a results of either stagnation pressure under prediction or over 
dissipation of the energy in the turbulent flow, there is a strong correlation between the 
experimental and numerical results at each Froude number, i.e. the change in end effect is 
being accurately modelled using LES. The difference in bow wave height, with and without 
an end body, is minimal for both experimental and numerical results. The plume height 
(Figure 5.15) shows little variation between the two end configurations. The predicted 
plume length (Figure 5.16) is slightly under predicted when compared to the experimental 
data, however, it accurately models the consistent plume length between the two end 
configurations. 
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5.4.2 End effect 
 
The effect of the immersed end of a surface piercing cylinder on the plume 
developed as it moved forward was investigated using the validated numerical simulation 
model.  The results for the four configurations described in Table 5.1 are presented in Figure 
5.17 to Figure 5.20. 
 
 
Figure 5.17: Numerical simulation of non-dimensional bow wave height, ηb’, as a function of Froude 
number, Fr, with different end configurations. 
 
 
Figure 5.18: Numerical simulation of non-dimensional plume height, ηp’, as a function of Froude 
number, Fr, with different end configurations. 
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Figure 5.19: Numerical simulation of non-dimensional plume length, λ’, as a function of Froude 
number, Fr, with different end configurations. 
 
 
Figure 5.20: Numerical simulation of drag coefficient, CD, as a function of Froude number, Fr, with 
different end configurations. 
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Figure 5.21: Numerical simulation of stagnation pressure on cylinder at surface level (see Figure 5.1) 
as a function of Froude number, Fr, with different end configurations. 
 
  
 
Figure 5.22: Difference in stagnation pressure at Fr=2 for T'=2 without end body (left), T’=2 with 
endbody (middle), and T’=10.0 without end body which is a contributing factor to change in bow 
wave height and plume size. 
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pressure at surface (see Figure 5.1). The percentage decrease in the stagnation pressure 
between T’=2 without an endbody (configuration 1) and T’=2 with an endbody and T’=10 
with and without an endbody (configurations 2, 3, and 4) corresponds to the change in bow 
wave height discussed in Figure 5.17. 
The plume height (Figure 5.18) showed little variation between the four different 
configurations. The main difference in plume height was found for T’=2.0 without an end 
body at Fr=3.0, which resulted in a slightly lower plume height in comparison to the other 
three configurations. The difference in plume height was much less than that recorded for 
the bow wave height and minimal over the Froude number range 3.5 to 4.0. This suggests 
that the end condition of the cylinder has a much smaller impact on the plume height when 
compared to bow wave height.  
Figure 5.19 shows that the plume length for the cases T’=2.0 with an end body and 
T’=10.0 with and without the end body are extremely similar. Additionally, the results show 
approximately an 8% decrease in plume length for T’=2.0 with no end body. This, in 
combination with the bow wave height, indicates that there is a significant difference in 
plume size generated by a cylinder operating with an ‘open end’ close to the free surface 
when compared to a cylinder with either sufficient immersion depth or with an end body. 
An explanation for this difference can be seen in Figure 5.22 with an increase in stagnation 
pressure from T’=2.0 without an end body to T’=2.0 with an end body and T’=10.0 without 
an end body. This increase in stagnation pressure can directly increase the bow wave height 
and plume size. 
The results for the drag coefficient as a function of Froude number are given in 
Figure 5.20. The drag coefficient was obtained using Equation (5.11). For the cases involving 
an end body, the drag forces were separated and only the drag on the cylinder was used for 
the drag coefficient. As can be seen, the drag coefficient for the T’=2.0 immersion with no 
end body shows a distinct difference to the results from the other three configurations. As 
discussed previously by the authors in Conway et al. (2017a), the CD curve profile for the 
T’=10.0 immersion depth cylinder better matches the published drag profile of a cylinder 
(Sumer et al., 1997). This indicates that the drag created by the immersed free end of the 
cylinder for T’=10 does not significantly alter the drag characteristics of the cylinder. 
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In order to determine the minimum value of T’ to avoid the cylinder end effects, 
several cylinder immersion lengths were investigated using the same numerical model at a 
Froude number of 4.0 ranging between T’=2.0 up to T’=10.0. The results for each of the 
measured plume dimensions as a function of T’ are presented in Figure 5.23. Similar to the 
results discussed above, the bow wave height and the plume length vary with the 
immersion depth to diameter ratio (T’). A plateau at approximately T’=8.0 suggests that any 
further increases in the cylinder immersion depth would not have an effect on the plume 
dimensions.  
 
 
Figure 5.23: Non-dimensional plume parameters generated by cylinder with immersion depths to 
diameter ratio (T’) ranging from 2.0 to 10.0 at Fr=4.0. 
  
5.4.3 Bow wave oscillations 
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measure the oscillations the video was viewed in 1/10th real time speed with each maximum 
and minimum bow wave height recorded in the time domain. The oscillations in the bow 
wave height occurred when the bow wave height reached a maximum value, at which point 
the bow wave fell away in all directions (including forwards) and the ‘shedding’ of the bow 
wave height created a clear and definite oscillation which was recorded as seen in Figure 
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correlation to the Froude number with a consistent frequency across all Froude numbers 
tested. Figure 5.25 shows the bow wave height generated by T’=10 without an end body. 
The data is presented as a percentage change in the bow wave height from the average 
recorded bow wave height. Over the recorded 10 second period, the number of peaks were 
recorded and the non-dimensional frequency, as calculated using f’=Df2/g, was calculated to 
be f’=4.1*10-3. 
 
 
Figure 5.24: T’=10.0 immersion with no end body showing the 'shedding' of the bow wave height. 
Left image displaying the bow wave height increasing before shedding begins, right image capturing 
the shedding of the bow wave. 
 
 
Figure 5.25: Bow wave height (ηb) oscillations at Fr=3.5 as a function of time. Difference in bow wave 
height calculated as percentage change from average bow wave height. 
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5.5  Concluding remarks 
 
The experimental data generated during this study was used to validate the CFD-LES 
numerical simulation models for two cylinder immersion depths, both with and without an 
end body. Whilst the plume height was slightly under predicted by the numerical technique, 
which could be a result of a combination of under prediction of the stagnation pressure and 
over dissipation of energy in the turbulent flow at high Froude numbers, the bow wave 
height and plume length, and drag coefficient showed reasonable correlation. Most 
importantly, the numerical simulations accurately modelled the difference in plume 
structure for the different end conditions, thus allowing the numerical simulation technique 
to be used to quantify the effect of the end condition on the plume size and drag. 
The numerical modelling of each configuration shows that the bow wave height, plume 
length, and drag coefficient are influenced by end effect. The addition of an end body for 
the T’=2.0 cases resulted in a 6-8% increase in the plume size. The increased plume size was 
very similar to the plume generated by extending the cylinder depth to T’=10.0 with no 
significant difference between the T’=10.0 with or without the end body. Thus, it is 
concluded that whilst insufficient cylinder depth can significantly affect the plume structure 
and drag results at low immersion ratios, the addition of an end body can remove the 
reduction in plume size caused by the free end effect at immersion depths as little as T’=2.0. 
A short cylinder with an end body has two significant benefits over a long cylinder without 
an end body. Firstly, the total drag of a short cylinder with end body is considerably less 
than a long cylinder. This allows a simpler and smaller test rig. Secondly, there are occasions 
when a long cylinder cannot be used due to experimental restrictions such as tank depth. 
The stagnation pressure results suggest the reduction in plume size is due to a reduction 
in stagnation pressure. The addition of the end body resulted in approximately equal 
stagnation pressure as recorded for the T’=10.0 immersion depth.  
In addition to the end body, the immersion depth was analysed to determine the 
required T’ value in order to reduce the impact of end effect on the plume size. It was 
shown that at a Froude number of 4.0, the required cylinder immersion ratio to stabilise the 
end effect of a surface piercing cylinder with no end body attached is approximately T’=8.0.   
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The Effect of Geometry on the Surface Waves 
Generated by Vertical Surface Piercing 
Cylinders with a Horizontal Velocity  
 
 
This chapter is published in the “Journal of Engineering for the Maritime Environment”. The 
citation for the research article is: 
Conway, A. S. T., Ranmuthugala, D., Binns, J. R., & Renilson, M. R. (2017). The effect of 
geometry on the surface waves generated by vertical surface piercing cylinders with a 
horizontal velocity. Journal of Engineering for the Maritime Environment. 
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Abstract 
 
Bluff bodies advancing through a free surface at high Froude numbers create 
intricate flow patterns worth further investigation.  An example of such flows include a 
submarine operating near the free surface which generally will have one or more masts 
piercing the free surface. These have the potential to produce large wakes at the surface. 
This paper describes the numerical analysis used to investigate possible design 
modifications to reduce the wake profile of a singular cylindrical mast piercing the free 
surface. The Large Eddy Simulation (LES) model carried out in OpenFOAM CFD software was 
validated against experimental data obtained by the authors using tow tank experiments. 
The modifications included the use of a double mast system based on the cylindrical 
mast and truncated NACA0012 sections. All configurations were performed with a mast 
cross-sectional area corresponding to a typical submarine snorkel across speeds ranging 
from two to eight knots.  The plume size and mast drag were recorded and the results show 
that a 30% reduction in wake profile can be obtained using a double mast system at speeds 
around eight knots, whilst at the lower speeds the benefit is not as significant. 
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6.1  Introduction 
 
 Conventional submarines have the operational requirement to approach and pierce 
the free surface with vertical appendages such as periscopes and snorkelling masts. 
Traditionally, these appendages have been bluff bodies such as a circular cylinder, which at 
typical submarine snorkeling speeds (< 5 m/s) generates unsteady flow along with a high 
and steep bow wave. Typically the bow wave separates from the appendage to develop a 
significant plume, detectable by radar or visual sighting. Therefore, it is necessary for the 
designers to develop systems that produce low wake plumes. 
 From published experimental data (Hay, 1947; Metcalf et al., 2006; Sumner, 2010), it 
is seen that at Froude numbers (Equation 6.1) greater than 3.0 the bow wave runs up the 
forward side of the cylinder and generates a large plume structure.  
 𝐹𝑟 =
𝑈
√𝑔𝐷
                (6.1) 
The results from recent experiments (Conway et al., 2016) showed that the plume is 
formed from two separate flow phenomena generated by the circular cylinder at high 
Froude numbers. Sumner (2010) suggests that the maximum possible height of the bow 
wave run up is based on the stagnation pressure and thus obeys Bernoulli’s Equation (6.2), 
𝜂𝑏
𝐷
=
𝐹𝑟2
2
                                                              (6.2) 
where ηb is the bow wave height, D is the cylinder diameter, and Fr is the Froude number 
based on diameter. However, as the above equation is only valid for inviscid flow, it is more 
likely to apply at low Froude numbers and overestimate the bow wave height for viscous 
flow due to viscous losses. Therefore, this should be considered as an upper limit of the bow 
wave height. 
 The current work focuses on possible modifications to the vertical appendages both 
in shape and configuration in order to reduce the plume profile. Submarines, in general, 
have several cylindrical shaped masts at the free surface with each mast having a different 
purpose. Figure 6.1 shows the mast configuration of the Astute submarine with all masts 
extended. During submarine operations, only the required masts will be used resulting in 
often a single mast piercing the free surface. 
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Figure 6.1: Mast configuration on Astute class submarine. Taken from reference (Group, 2011). 
 
 A numerical approach using the open source Computational Fluid Dynamics (CFD) 
package OpenFOAM was used to replicate the wake recorded during the experimental 
investigation conducted at the Australian Maritime College (Conway et al., 2016). The 
simulations used Large Eddy Simulation (LES) with the One Eddy Equation turbulence model 
at speeds ranging between Fr=1.0 to 4.0, i.e. the typical speed range for a conventional 
submarine operating close to the free surface. Using the CFD simulations, five main 
parameters were investigated to determine the effect of altering the mast geometry and 
configuration. These include the bow wave height, maximum plume height, and plume 
length shown in Figure 6.2, as well as the individual and combined drag components of the 
appendages.  
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Figure 6.2: Definition of parameters used by Hay (1947). 
 
 The first set of simulations involved replicating experimental data in order to validate 
the numerical model.  This consisted of a 0.1 m diameter cylinder with two different 
lengths: the first with the lower end 0.2 m below the free surface; and the second with the 
lower end 1.0 m below the free surface These two configurations had the submerged end of 
the cylinder free, creating instabilities at the boundary due to sudden changes in pressure.  
 The numerical code used throughout this paper was validated by comparison to the 
experimental data published by Hay (1947) and data collected by the authors (Conway et al., 
2016). The data sets included the bow wave height, maximum plume height, and plume 
length. The validated code was used to investigate several alterations in the mast 
configurations of infinite length. This included configurations utilising three different circular 
cylinder diameters and two different NACA sections with equal total waterplane area. The 
combined waterplane area was maintained as this was considered a requirement for 
operational reasons. The first altered configuration consisted of two masts of diameter 
0.0708 m, located 0.5 m apart along the direction of flow, i.e. located fore-and-aft. The 
second configuration increased the size of the forward mast to a diameter of 0.08 m whilst 
the aft mast was decreased to 0.06 m. The final configuration with the cylindrical masts was 
the reverse of the second configuration, i.e. the forward and aft masts diameters were 0.06 
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and 0.08 m respectively. Further investigations were conducted on a 1/3 truncated 
NACA0012 section (aft 1/3 of the foil section removed) with the same cross sectional area as 
the single 0.1 m diameter cylinder. The dimensions can be seen numerically in Table 6.1 and 
graphically in Figure 6.3. 
Table 6.1: Mast geometry configurations used for numerical analysis. 
 Ref # Width (m) Waterplane Area  (m2) 
Mast Geometry  Mast 1 Mast 2 Mast 1 Mast 2 Total 
Single Cylinder 1 0.100 n/a 0.00785 n/a 0.00785 
Double Cylinder (equal) 2 0.0708 0.0708 0.00394 0.00394 0.00787 
Double Cylinder (small forward) 3 0.060 0.080 0.00283 0.00503 0.00785 
Double Cylinder (large forward) 4 0.080 0.060 0.00503 0.00283 0.00785 
Single NACA0012 5 0.041 n/a 0.00785 n/a 0.00785 
Double NACA0012 (equal) 6 0.029 0.029 0.00393 0.00393 0.00786 
 
 
 
Figure 6.3: Visual representation of mast geometry configurations used for numerical analysis with 
constant total waterplane area. 
 
Experimental data published by Sumner (2010) involving two cylinders with no free 
surface show a large area aft of the forward cylinder referred to as the wake interference 
region. The configuration used in this paper places the aft mast within this region, which 
would suggest that the aft mast is subjected to disturbed flow and thus will experience a 
changed plume structure.   
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6.2  Governing equations 
 
 The LES model used in this study was the OpenFOAM One-equation Eddy 
(oneEqEddy) model, which uses the Navier-Stokes equations utilising the Sub-Grid Scale 
(SGS) model to solve for the large eddies whilst modelling the smaller eddies (OpenFOAM-
Foundation, 2013; Piomelli et al., 2001). The field is separated into a resolved part that 
represents the large eddies and a sub-grid part that represents the small scale eddies. The 
fundamental Navier-Stokes equations are in the incompressible form and can be expressed 
as, 
𝜌 (
𝑑𝑈
𝑑𝑡
+ 𝑈 ∙ 𝛻𝑈) = −𝛻𝑝 + 𝜇𝛻2𝑈                                                (6.3) 
𝛻 ∙ 𝑈 = 0                                                          (6.4) 
where ρ is the fluid density, U  is the flow velocity, p is the fluid pressure, μ is the fluid 
viscosity, t is time, and ∇ is the divergence operator. 
 The One-equation Turbulent Energy model used within the OpenFOAM package is 
based on the eddy-viscosity concept with the addition of the sub-grid scale (SGS) to solve 
the transport equation. In the One-equation Turbulent Energy model, the assumption is 
made that the SGS turbulent energy is isotropic and can be expressed as (Penttinen, 2011); 
𝜕
𝜕𝑡
(𝑘) +
𝜕
𝜕𝑥𝑖
(𝑈𝑖𝑘) −
𝜕
𝜕𝑥𝑖
((𝑣 + 𝑣𝐸𝑓𝑓
𝜕
𝜕𝑥𝑖
(𝑘)) = −𝐵𝐿 −
𝑐𝑒𝑘
2
3
∆
            (6.5) 
where: 
𝑣𝑆𝐺𝑆 = 𝐶𝑘𝑘
1
2∆                        (6.6) 
𝜖 =
𝐶𝜖𝑘
3
2
∆
      (6.7) 
 
and k is the kinetic energy, v is the eddy-viscosity, BL corresponds to the decay of the 
turbulence, ϵ is the turbulent dissipation, Ck=0.094 and Cϵ=1.048. The left hand side of 
Equation (6.5) can be broken down into each term. The first term is the change in turbulent 
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SGS kinetic energy with respect to time. The second term defines the convection and the 
third term describes the diffusion.  
 
6.3  Simulation Parameters 
 
 
 The flow around the masts was considered to be incompressible, turbulent, and two 
phase (air and water). The single cylinder mast was non-dimensionalised with respect to the 
maximum width of the mast (diameter) to perform validation with respect to published 
experimental data using both Froude number (Equation 6.1), and Reynolds number, 𝑅𝑒 =
𝜌𝑈𝐷/𝜇. However, due to different diameter masts between each configuration, the results 
of the different mast configurations were compared directly based on an effective diameter 
using the total waterplane area (Aw). Thus, the effective diameter (D) used to calculate the 
respective Froude number and Reynolds number was calculated as shown in Equation (6.8). 
𝐷 = √
4𝐴𝑤
𝜋
                                                                    (6.8) 
 
 Although the configurations with a smaller frontal area produce smaller plume 
structures, using a conventional non-dimensional method, such as frontal area, results in a 
larger value. This could be interpreted incorrectly as the larger forward cylinders generated 
smaller plumes. The use of effective diameter ensures that all configurations are non-
dimensionalised in a method that provides data accurately, without confusion.  
The simulations used a consistent numerical domain and grid with minor changes to 
adjust for varying mast geometries. The grid was optimised for a Froude number of 4.0 to 
ensure the entire plume structure was captured along with wake resolution and boundary 
effects. The difference between each grid for the different mast geometries was at the mast 
surfaces in order to maintain a similar y+ value of between 30 and 40. y+ is a non-
dimensional value used to define how close the first mesh cell is to the surface of the mast. 
The value of y+ is calculated using Equation (6.9). 
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𝑦+ =
𝑦𝑢𝜏
𝜈
                                                            (6.9) 
where y is the distance to the wall, uτ is the friction velocity, and υ is the kinematic viscosity.  
The meshing application used was the inbuilt OpenFOAM meshing software 
snappyHexMesh due to the ability to use hanging nodes. Hanging nodes are treated in a 
similar method to multigrid algorithms, where the corresponding data is interpolated when 
increasing the mesh resolution (going from a coarser to a finer grid level) and inversely 
restricted when stepping up again through the use of the ansatz functions (Neckel, 2009). 
 The domain dimensions were sized to fully capture the plume profile with sufficient 
area around the plume to allow for diffusion of the turbulence before reaching the 
boundaries. Using hanging nodes, the mesh was refined in areas of interest around the 
plume structure and along the free-surface. The refinement level was specified by the 
number of times a cell was split by 2n, where n is the refinement level. A combination of 
refinement levels of 2, 3 and 4 were utilised at different locations within the domain. The 
refinement areas were concentrated to areas 120% larger than the expected plume size 
with a rapid decrease in grid resolution towards the domain boundaries in order to 
numerically dampen the wake before it makes contact with the boundaries in order to 
reduce wave reflections from the boundary and thus increase the stability of the simulation 
and reduce the simulation time and effort. 
 
6.4  OpenFOAM setup 
 
 
 OpenFOAM provides the user significant control over the simulations in terms of 
directly changing the settings within the software, changing equations or parameters (Yun, 
2014), and inserting user written scripts. This includes the ability to select the linear system 
solvers, interpolation schemes, and the solver settings. This is done through pre-selecting 
the chosen solvers/settings in the corresponding scripts which are called on during the 
simulation at the required times. 
 Due to the inherent instabilities and turbulence created by a bluff body at high 
Froude numbers, the interpolation schemes and solvers were selected on two main criteria, 
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with the primary criterion aimed at improving simulation stability without a reduction in 
accuracy, whilst the secondary criterion was to reduce computational requirements. 
 The Preconditioned Conjugate Gradient (PCG) linear system solver with Geometric-
Algebraic Multi-Grid (GAMG) as a pre-conditioner was used for solving the pressure, as the 
pressure was found to be extremely sensitive to instabilities while the PCG solver increased 
the stability of the simulations. A GAMG pre-conditioner was applied to decrease to 
computational effort required by generating a quick solution using a course mesh to 
generate an initial condition for each time step (Foundation, 2013). The velocity was solved 
using the OpenFOAM's default set-up Preconditioned BiConjugate Gradient (PBiCG) solver 
with Diagonal Incomplete LU (DILU) as the pre-conditioner, as the simulations appeared to 
have little effect from changes in the velocity solvers.  
 Due to the use of a LES model, there are typically no wall functions applied. 
However, to reduce computational requirements, the kqRWallFunction was applied to the k 
field. This wall function allows for an increase in the boundary sub-layer grid height from a 
y+ of 1 up to 30-40 as recommended by the OpenFOAM manual (OpenFOAM-Foundation, 
2013) with a y+ study conducted in the next section to ensure that the recommended y+ is 
applicable for this study. 
 A combination of the Pressure-Implicit Split-Operator (PISO) and Semi-Implicit for 
Pre-conditioner Equations (SIMPLE) algorithms referred to as PIMPLE was used for all 
simulations. The difference between the two algorithms is that SIMPLE can only make one 
correction whereas PISO requires more than one correction. The PIMPLE algorithm has 
more similarities with the PISO algorithm, with the addition of outer correction loops and 
under-relaxation of the variables between the outer iterations. 
 
6.5  Numerical verification and validation 
 
 
 In order to validate the numerical code used in this study the results were compared 
with published experimental data by Wickramasinghe et al. (1997) cited by Yu et al. (2008), 
Hay (1947), and Conway et al. (2016). The experimental data by Wickramansinghe was very 
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limited and only consisted of the bow wave height over the Froude number range from 0.8 
to 3.0. Hay published an extensive range of experimental data ranging in Froude numbers 
up to 4.9, measuring the plume profile dimensions as shown in Figure 6.2. Conway et al. 
(2016) published data for both short and long cylinders up to a Froude number of 4.0. The 
parameters used to validate the LES simulation model used in this study were the bow wave 
height, ηb, plume height, ηp, and plume length, λ as defined in Figure 6.2. The results were 
compared between the experimental and numerical results with respect to diameter Froude 
number. 
 A grid independence study was conducted at a Froude number of 4.0 using the LES 
model and the solvers mentioned in Section 2.2 OpenFOAM setup. The main areas of 
interest included the effect of the inflation layers within the boundary layers as well as the 
density and aspect ratio of the elements required in the plume region (Figure 6.4). The 
influence of the boundary inflation layer was analysed by comparing the bow wave height, 
ηb variation with respect to the calculated y+ (Equation 6.9). 
As shown in Figure 6.5 for the results from the y+ study, a plateau of the bow wave 
height was achieved at a y+ of between 30 and 40, and thus all simulations were completed 
with a boundary inflation layer such that the y+ value was maintained around 35. 
Furthermore, the mesh density in the plume region was analysed and the plume height and 
plume length were compared. Figure 6.6 shows relative mesh insensitivity when compared 
to a 14 million cell mesh at a mesh size of 8-10 million elements, and therefore, a mesh of 
approximately 10 million elements was used. Since there was a distinct plateau indicating 
grid independence, it was determined that the ratio of modelled to resolved turbulent 
kinetic energy was not required in order to determine the suitability of the mesh. 
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Figure 6.4: Numerical domain showing inflation layer (left) and refinement areas (right). 
 
 
Figure 6.5: Grid independence study based on y+ and bow wave height (m). Squares represent 
predicted data points, with line of best fit plotted. 
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Figure 6.6: Mesh density study using plume height and plume length plotted as percentage 
difference in the results when compared to a 14 million element mesh, plotted against mesh size 
(number of elements). 
 
 
 
 
6.6  Validation 
 
 The data presented in the figures below have been non-dimensionalised with 
respect to the Froude number where the non-dimensionalised bow wave height: 
𝜂𝑏
′ =
𝜂𝑏
𝐷𝐹𝑟2
                                                             (6.10) 
similarly for plume height and plume length:  
𝜂𝑝
′ =
𝜂𝑝
𝐷𝐹𝑟2
                                                              (6.11) 
𝜆′ =
𝜆
𝐷𝐹𝑟2
                                                                (6.12) 
  Figures 6.7 to 6.9 show the data obtained from the LES simulations compared to the 
experimental data published by Yu et al. (2008), Hay (1947), and Conway et al. (2016).  
 Figure 6.7 is the experimental data for the bow wave height (ηb’) as a function of Fr. 
This shows that the bow wave height from the LES simulations up to a Froude number of 2.5 
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was within the error bars obtained from the experimental data. At higher Froude numbers 
the bow wave height (ηb’) was underestimated. At Fr = 4.0 ηb’ was underestimated by 
approximately 5% for both the short and long cylinders. The upper limit line was obtained 
from Bernoulli’s equation based on the stagnation pressure (Equation 5.1). There is a critical 
transition in the flow regime at a Froude number of approximately 3.25 which results in a 
theoretical drop in drag coefficient. The flow regimes experienced by a cylinder at the 
simulated Froude numbers, as published by Sumer et al. (1997), are sub-critical , critical, and 
super-critical flow regimes. Sub-critical flow includes a laminar boundary layer and laminar 
separation points. Critical flow is the transition stage when the boundary layer is laminar but 
the boundary layer separation points becomes turbulent. At a higher flow velocity the flow 
becomes sub-critical resulting in the boundary layer becoming turbulent.  
 Whilst there is a small increase in bow wave height coefficient at Fr=3.25 seen in the 
experimental data, which could be a result of the changed flow regime resulting in more 
energy in the bow wave rather than vortex shedding (drag), the change is within the 
experimental error and thus more investigation is required in this area. 
 The experimental data for plume height (ηp’) and plume length (λ’) published is 
shown in Figures 6.8 and 6.9 with the numerical results. It can be seen that the plume length 
predictions from the experimental results and the numerical data have a good correlation 
for both cylinders depths. The plume height has a greater variation between the three sets 
of data with a closer correlation to the experimental data collected in previous 
investigations. Both the numerical and experimental results indicate there is a definite 
difference in the plume profile between the two different length cylinders. 
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Figure 6.7: Comparison of bow wave height, ηb’, variation with respect to Froude number, Fr, 
experimental data from Hay (1947), Conway et al. (2016), and numerical data (LES). 
 
 
Figure 6.8: Comparison of plume height, ηp’, variation with respect to Froude number, Fr, data from 
Hay (1947), Conway et al. (2016) and numerical data (LES). 
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Figure 6.9: Comparison of plume length, λ’, variation with respect to Froude number, data from Hay 
(1947), Conway et al. (2016) and numerical data (LES). 
 
 The drag coefficient for the cylinder was also compared against the data published 
by Hay (1947), Conway et al. (2016) and Cathcart (2014) as shown in Figure 6.10. The drag 
coefficient was calculated using the cross sectional area: 
     𝐶𝐷 =
𝐹
1
2
𝜌𝑈2𝐴
                                                                   (6.13) 
where F is the drag force, ρ is the water density, U the flow velocity and A is the cross 
sectional area as calculated using:  
A=Diameter x Height     (6.14)  
 At a Froude number of 1.0 there is an increase in the drag coefficient in both the 
experimental and numerical data which is likely caused by a change in wave pattern 
dependent on Froude number. Furthermore, the experimental and numerical data follow a 
similar trend throughout the range of Froude numbers with the exception of a small 
increase in the experimental data at Fr = 2.25. A significant drop in the measured drag 
coefficient can be seen for the long cylinder at a Froude number of 3.25. This drop occurs at 
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the transition in flow regime from a sub-critical to critical and quickly into super-critical flow 
regime (Sumer et al., 1997; Tritton, 1988). Due to the fact that the dip is not present in the 
short cylinder cases this suggests that the end effect has a larger influence on the drag of 
the cylinder than the change in flow regime around the cylinder. The severity of the drop in 
drag for the long cylinder has not been captured by the numerical predictions. The cross 
over in drag coefficient (that is the fact that the long cylinder has a higher drag coefficient at 
Fr < 2.5 and a lower drag coefficient at Fr > 2.5) has been predicted well by the numerical 
simulations following the same trend as seen in the experimental data. 
 Overall, between the drag and plume measurements, both the short and long 
cylinder simulations followed the same trends as the measurements. Therefore, the 
parameters and numerical set-up used for this paper are applicable to study the effect of 
mast geometry on plume profile. 
 
 
Figure 6.10: Comparison of drag coefficient as a function of Froude number, data from Hay (1947), 
Conway et al. (2013) and numerical data (LES). 
 
 
 
0.3
0.7
1.1
1.5
0.0 1.0 2.0 3.0 4.0 5.0
C
D
Fr
Hay Exp. 203mm depth
Conway et al. Exp. 203mm depth
Conway et al. Exp. 1000mm depth
LES 200mm depth
LES 1000mm depth
Page | 106  
Chapter 6  
6.7  Numerical investigation 
 
6.7.1 Geometry 
  
 This study performed a numerical analysis on several different mast set-ups and 
geometries. All mast configurations were extended to the bottom of the numerical domain 
to increase numerical stability and better reflect a mast connected to a submerged body.  In 
addition, this study has included two masts configurations, and the addition of a NACA 
section. All results have been compared to the single cylinder having a diameter of 0.1 m. 
The water plane area of each set-up was constant to the 0.1 m diameter cylinder. Table 6.1 
shows the dimensions of each configuration used in the simulations and Figure 6.3
 
displays the mast geometries graphically. Due to the fact that these simulations are to 
compare different mast geometries under the same conditions, all results have been non-
dimensionalised using an effective diameter based on the total area of the masts in order to 
calculate the diameter Froude number. The effective diameter was calculated by 
rearranging the equation for the area of a circle and shown in Equation (6.8). 
 
6.7.2 Reynolds Number investigation 
 
 As a result of varying the diameter of the masts, the diameter based Reynolds 
number ranged between approximately 2.4x105 to 4x105 at Fr = 4.0. As mentioned earlier, 
there is a change in flow regime from sub-critical to super critical flow at a Reynolds number 
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around 3.2x105, which was shown above to affect the drag of a deep cylinder. Therefore, to 
ensure any changes observed are due to a smaller mast and not a change in flow regime, an 
investigation into bow wave height, plume length, and plume height was compared to 
Reynolds number was conducted with constant speed and cylinder diameter (0.1 m) with a 
resulting Froude number of 4.0. This was achieved by altering the viscosity within the 
numerical simulations whilst maintaining all other variables constant, with a resulting 
Reynolds number range from 1x104 up to 4x105 as shown in Figure 6.11. Between the 
Reynolds numbers 1.5x105 and 4x105 there is no significant change in the bow wave height 
and therefore, no changes in the operating range of Reynolds numbers for the 
configurations tested. It should also be noted that there is a small decrease in the non-
dimensional bow wave height at lower Reynolds numbers (Re<1x104) as the flow 
approaches another change in flow regime. Therefore, although the Re/Fr correlation varies 
with each mast configuration at each Froude number, this has shown that any changes in 
the plume size is not a result of varying Re/Fr, but a result in change in geometry. 
 
Figure 6.11: Non-Dimensional bow wave height, plume length, and plume height as a function of 
Reynolds number at a constant Froude number of 4.0. m represents the bow wave height, plume 
height or plume length in metres. 
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6.8  Results and discussion 
 
 
6.8.1 Wake on circular cylinder configurations 
 
 The plume profile for several mast configurations was modelled at a range of Froude 
numbers from 1.0 to 4.0 at 0.5 intervals. These results were analysed to determine ηb, ηp, 
and λ in each configuration. The drag force on each mast was also compared to further 
understand the effect of the wake generated by the forward mast on the aft mast.  
 The resulting plume visualisations for the single and double mast configurations are 
shown in Figure 6.12 – Figure 6.14. For the tested mast configurations, it was found that aft 
mast wake was completely ‘hidden’ by the wake generated by the forward mast, including 
the cases when the forward mast was much smaller than the aft mast. This was due to the 
significant wake region the forward cylinder created greatly reducing the wake produced 
from the aft mast. This also suggests that moving the aft mast forward may have minimal 
effect on the overall plume size generated. As a result, further work could be undertaken to 
determine the critical size of the forward mast in order to generate the smallest wake 
possible whilst still ‘hiding’ the wake generated by the aft mast. This would help determine 
the best ratio of forward mast diameter to aft mast diameter along with the optimum 
separation between the two masts.  
 
Figure 6.12: Plume profile generated by single mast configuration at Fr=4.0. 
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Figure 6.13: Plume profile generated by double mast (large forward) configuration at Fr=4.0. 
 
Figure 6.14: Plume profile generated by double mast (small forward) configuration at Fr=4.0. 
 
 Due to the small plume structure generated by configurations 5 and 6, only the 
results from the cylindrical masts are presented in the following section. Similarly, at Froude 
numbers less than 3.0, data for ηp and λ was not collected at the lower speeds due to lack of 
fully developed plume structures. Figure 6.15 shows the size of the bow wave heights 
generated by the forward mast for cylindrical mast sections. At lower speeds it can be seen 
that the difference between the various mast configurations is minimal, however, at Fr=4.0 
the bow wave height generated by the double (small forward) configuration is 
approximately 30% smaller than the bow wave generated by the single mast configuration. 
It was also noted that the aft cylinder did not generate a bow wave similar to the forward 
cylinder suggesting a significant reduction in stagnation pressure.  
 The plume height and plume length generated by each cylindrical mast configuration 
are shown in Figure 6.16 and Figure 6.17. Whilst the plume length and plume height data 
followed the same trend as the bow wave height, there was only an 18% average reduction 
between the largest and smallest plume height and length predicted at a Froude number of 
4.0. 
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Figure 6.15: Non-dimensional bow wave height, ηb’, generated by the forward mast (cylindrical 
cross-section) as a function of Froude number. 
 
   
 
Figure 6.16: Non-dimensional plume height, ηp’, generated by the forward mast (cylindrical cross-
section) as a function of Froude number. 
0
0.1
0.2
0.3
0.4
0.5
0.6
1.0 2.0 3.0 4.0
η
b
'
Fr
Configuration 1
Configuration 2
Configuration 3
Configuration 4
0
0.1
0.2
0.3
0.4
0.5
3.0 4.0
η
p
'
Fr
Configuration 1
Configuration 2
Configuration 3
Configuration 4
Page | 111  
Chapter 6  
 
Figure 6.17: Non-dimensional plume length, λ’, generated by the forward mast (cylindrical cross-
section) as a function of Froude number. 
 
 
6.8.2 Drag on double mast configurations 
  
 The wake interference region is critical to reducing the plume generated by the aft 
cylinder and assists in explaining the reason that the aft cylinder generates a significantly 
reduced plume. Figure 6.18 shows an increase in the total drag encountered by the forward 
cylinder when travelling at Fr = 2.0 (Figure 6.19 shows the decrease for the aft mast). This 
could indicate a transition in the wake profile or flow regime around the cylinder. Sumer 
(1997) stated a transition into the subcritical flow regime at Reynolds numbers 
corresponding to the Froude numbers between 2.0 and 3.0. Additionally a much larger drag 
force is generated on the forward cylinder than the aft cylinder, with a maximum of 
approximately 78% greater for configuration four (double cylinder with larger mast 
forward). Additionally, the total drag on the cylindrical mast configurations is presented in 
Figure 6.20 which shows that the total drag is slightly increased with the use of a double 
mast configuration. Furthermore, there is little changes in the total drag between the 
double mast configurations. 
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Figure 6.18: Percentage of total combined drag from both cylinders on the forward mast for the 
double mast configuration. 
 
 
 
 
Figure 6.19: Percentage of total combined drag from both cylinders on the aft mast for the double 
mast configuration. 
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Figure 6.20: Total drag on the cylindrical masts at Froude numbers 1.0 to 4.0 
 
6.8.3 Wake on streamlined cylinder configurations 
 
 Further simulations were conducted using truncated NACA0012 sections to analyse 
the possible benefits of using a streamlined body rather than a bluff body. The NACA0012 
and single mast configuration were compared using the bow wave height, whilst the plume 
length and height (ηp and λ) were not analysed due to the relatively small plume profile 
generated by the NACA section mast. 
 Figure 6.21 shows the non-dimensional bow wave height plotted as a function of Fr 
for the single cylinder (configuration one) and the NACA sections (configurations five and 
six) whilst Figure 6.22 shows the plume generated by a single NACA section mast which both 
indicate a significant reduction in the plume profile. It can also be seen in Figure 6.21 that 
the difference between the plume generated by the single and double NACA0012 sections is 
minimal when compared to the reduction in plume size between the cylindrical and NACA 
masts. At Fr=4.0, the double NACA0012 section offers approximately 80% reduction in the 
bow wave height, whilst the single NACA0012 section offers a 75% reduction.  
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Figure 6.21: Non-dimensional bow wave height, ηb’, for NACA0012 and cylindrical mast 
configurations as functions of Froude number. 
 
Figure 6.22: Plume profile generated by NACA0012 mast configuration at Fr=4.0. 
 
 
6.8.4 Pressure distribution for cylinder and streamlined configurations 
 
 As mentioned in the previous section, the streamlined configurations offered a 
significant reduction of the bow wave height. The reasons for such a significant reduction 
can be explained by both stagnation pressure and frontal area. Figure 6.23 shows a plan 
view of the two mast geometries with the same water plane area. It is clear from this image 
that the frontal area is reduced significantly by utilising the NACA section. This difference 
can also be seen numerically in Table 6.1, which shows the width of the NACA0012 section is 
less than half the width (diameter) of the cylinder (0.1 m compared to 0.041 m for the 
NACA0012 mast). In addition to the frontal area, the pressure distribution obtained at a 
depth of 0.8 m to ensure no interference from the free surface shown in Figure 6.24 
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indicates a lower stagnation pressure and a reduced pressure gradient when compared to 
the pressure plot from the cylinder.  
 
 
Figure 6.23: Shape comparison between cylinder and NACA0012 mast sections. 
 
 
 
Figure 6.24: Pressure distribution (in pascal) around cylinder mast configuration (left) and NACA0012 
mast configuration (right). 
 The pressure distribution shown above (Figure 6.25) can also be used to explain the 
large difference in percentage drag encountered on each mast between the double 
cylindrical mast and double NACA0012 configurations as seen in Figure 6.18 and 6.19. The 
drag generated by the forward cylindrical mast significantly impacts the aft mast whilst the 
NACA0012 section mast has a significantly reduced effect on the drag encountered by the 
aft mast. 
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6.9  Concluding remarks 
 
 Bluff bodies are required to pierce the free surface and travel at speed in ocean 
environments.  Such motion can create significant plumes, drag and vibration. The plume 
profile generated by a series of mast configurations was numerically analysed using LES 
simulations and validated against experimental tow tank data conducted at the Australian 
Maritime College. Data for the bow wave height, plume length, plume height and drag was 
collected and analysed to assess the potential benefits from a double mast configuration 
and NACA0012 masts compared to a conventional single cylindrical mast.  
 It was shown that the plume structure generated by a cylinder can be accurately 
modelled numerically with a difference of 5% at Fr=3.5 for the bow wave height with 
smaller variations between the results at lower speeds. Furthermore, there was a 
correlation found in the drag data with an exception at Fr=3.25 where the numerical results 
did not capture the same lower drag coefficient (CD) as the experimental data at Fr=3.25. It 
was also noted that both the numerical and experimental data showed a change in flow 
regime at Fr=2.25 as the CD for the 1000 mm cylinder decreased below the CD of the 
200 mm cylinder. Additionally, the experimental results showed a dip in the CD value at 
Fr=3.25 for the 1000 mm cylinder. 
 It was found that using a double cylindrical mast configuration can reduce the bow 
wave height by approximately 30% and the plume height by 18% when compared to a single 
mast geometry with the same total water plane area at high Froude numbers. Additionally, 
it was found that even a smaller forward mast has the ability to reduce the wake generated 
by a larger aft mast sufficiently such that the wake from the forward mast covers that from 
the larger aft mast.  
 The double mast geometry also generates a bow wave when compared to the 
truncated NACA0012 geometries. The streamlined NACA masts showed a huge reduction in 
bow wave height and hence would be a logical improvement over cylindrical masts. The 
changes in the bow wave height between the different mast geometries can partially be 
explained by the change in frontal area of the masts for the same waterplane area. Although 
the NACA sections showed a large benefit in these simulations, mast structures are often 
operating in current and waves and thus, due to the large chord length when compared to a 
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cylinder, could produce a larger wake if there was a significant cross-flow as the NACA 
section masts are not axial. 
 Future work could involve studying the effect of the ratio of the forward mast to aft 
mast diameter to determine at what ratio a smaller forward mast no longer has the benefit 
of reducing the plume size. If the forward masts was found to be extremely small, it could 
be possible to implement the small forward mast as a dummy mast. This would also involve 
assessing the effect of the distance between the two masts to determine the minimum and 
maximum effective gaps. Additionally, the possible disadvantages of implanting a 
streamlined body due to current and waves, a study could be conducted to determine the 
possible increase in plume structure of a streamlined body at varying angles of attack. 
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Examination of Numerical Results and Mesh 
Requirements  
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7.1  Introduction 
 
Throughout this thesis, publications in refereed journals and conference proceedings 
were utilised to present the majority of results. However, some aspect of the numerical 
modelling and results were omitted from these chapters as they did not fit within the 
publications. This chapter presents the omitted information and data to complete the 
discussion on the modelling, results, and the associated analysis, and thereby address the 
overall objectives of the thesis rather than only the objectives of the individual publications. 
The areas discussed in this Chapter are: 
1. Under prediction of the bow wave height and plume size 
2. Mesh requirements 
The first significant aspect not discussed in the previous chapters is the reason for under 
prediction of the bow wave height and plume size. As mentioned in Chapters 3-6, the flow 
around a surface piercing cylinder can generate a large wake and bow wave when travelling 
at high Froude numbers. This chapter examines the flow fields and data generated by the 
numerical investigation to understand the cause for the differences in results between the 
numerical predictions and experimental measurements at higher Froude numbers. 
The flow around a deeply submerged cylinder, without the presence of the free surface, is 
well studied for a wide range of Reynolds numbers explaining the flow regime surrounding 
the cylinder, including the transition from laminar to turbulent flow (Kawamura et al., 1986; 
Loc et al., 1985; Schäfer et al., 1996; Son et al., 1969). However, as discussed in the previous 
chapters, the flow around a circular cylinder piercing the free surface has not been studied 
as extensively and hence, limited data is available in the public domain with the most 
applicable experimental data presented in Chapters 3-6. Numerical investigations are 
extremely limited at Froude numbers greater than 1, Kawamura et al. (2002) being one 
example modelling the flow around a surface piercing cylinder up to Fr=0.8. Yu et al. (2008) 
used Large Eddy Simulation to model the bow wave height generated up to a Froude 
number of 3.0, however, significantly under predicted the wake at Froude numbers greater 
than 2.0. 
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Chapters 3 and 5 presented a selection of numerical simulations carried out in this 
project showing that Large Eddy Simulation (LES) can accurately model the bow wave and 
plume structure generated by a surface piercing cylinder up to a Froude number of 4.0. The 
predictions using this numerical technique were compared with the experimental data 
presented in Chapter 3.  It was shown that the bow wave height was under predicted by 
approximately 8% at Fr=4.0 when compared to the experimental data presented in Chapter 
4.  
A significant contributing factor to the size of the bow wave height is the stagnation 
pressure, both shown in Figure 7.1, with the maximum possible height based on Bernoulli’s 
equation due to the energy generated from the stagnation pressure as described in 
Equation 4.3 (Mentor, 1994). This applies to inviscid flow and thus has been shown to over 
predict the bow wave height when compared to experimental and numerical results, as 
shown in Chapter 3 at Froude numbers greater than 2.0. Therefore, by calculating the 
stagnation pressure through a simplified version of Bernoulli’s principle, a comparison 
between the predictions obtained using Computational Fluid Dynamics (CFD) stagnation 
pressure and the theoretically calculated stagnation pressure can be obtained. 
 
 
Figure 7.1: Definition of parameters used showing ηb, bow wave height, λ, plume length, and, ηp, 
plume height and location of stagnation point identified. 
 
The second aspect discussed in this chapter is the mesh requirement which is not 
discussed in detail within the published papers. Specifically, the required aspect ratio (the 
ratio between the x-axis length and the y-axis length of a cell) in different regions of the 
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mesh to maximise the quality of the plume structure and the free surface. This was analysed 
by closely examining the free surface in three primary locations, which included the free 
surface and the plume structure. 
 
7.2  Stagnation pressure 
 
To evaluate the stagnation pressure predicted by the numerical simulations, it is first 
required to obtain the theoretical stagnation pressure. The method to calculate the 
expected stagnation pressure is using Bernoulli’s equation. To use Bernoulli’s equation, the 
assumptions are made that the flow is steady, incompressible and along a streamline is 
inviscid flow. Bernoulli’s equation, once rearranged, can be expressed as, 
𝑃 + 𝜌
𝑈2
2
+ 𝜌𝑔𝑧 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                                                              (7.1) 
where P is pressure, ρ is the  fluid density, U is the fluid velocity, g is gravity, and z is the 
depth. 
The first term, P, is the static pressure which does not incorporate dynamic effects. 
The second term, 𝜌
𝑈2
2
, is the dynamic pressure and represents the pressure as a result of 
the fluid being brought to a stop isentropically (i.e, no energy is lost). The final term, ρgz, 
represents the hydrostatic pressure which is the pressure due to the weight of the fluid 
above the point of reference. Since stagnation pressure is the sum of static and dynamic 
pressures, and the static pressure is zero due to the depth being equal to zero (i.e. on the 
free surface), thus reducing equation (7.1) to give the stagnation pressure at any given 
speed as, 
𝑃𝑠𝑡𝑎𝑔 = 𝜌
𝑈2
2
                                                                        (7.2) 
 
The calculated stagnation pressure can then be used to compare against the 
stagnation pressure predicted by the numerical simulations. The difference in stagnation 
pressure, predicted using CFD compared to calculated using equation (7.2), can then be 
compared to the ratio between numerical bow wave height and experimental bow wave 
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height. It should be noted that this could also be a Reynolds number investigation into flow 
around a cylinder, however, for the purpose of this investigation and the application to 
submarine masts, the Froude number was used as the independent variable.  As simulations 
and experiments were conducted at full scale, the Reynolds number did not require scaling. 
The numerical results produced by the LES model (Chapters 5 and 6) compared to 
the experimental results presented in Chapter 4 and 6 and the theoretical bow wave height 
based on Bernoulli’s equation (Equation 4.3) are presented in Figure 7.2. As observed, 
Equation (4.3) significantly over predicts the bow wave height at higher Froude numbers 
(i.e. Fr>2). Furthermore an under prediction of the bow wave height can be seen in the LES 
predictions for Froude numbers greater than 3 with approximately 8% and 5% under 
prediction at Fr=4.0 and Fr=3.5 respectively. To better understand the reason for the under 
prediction of the bow wave height, the stagnation pressure is examined.  
 
 
Figure 7.2: Bow wave height produced by surface piercing cylinder. Comparison between numerical 
(CFD-LES), experimental, and theoretical values based on Bernoulli equation. 
 
The stagnation pressure obtained in the LES simulations was examined at the free 
surface by using the flow visualisation within the post processing software ParaView. These 
results were then compared to the theoretical stagnation pressures as calculated using 
Equation (7.2). An example of the pressure distribution around a circular cylinder at a 
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Froude number of 4.0 is shown in Figure 7.3 and Figure 7.4. Figure 7.3 shows a numerical 
prediction for a stagnation pressure of approximately 7600 N/m2 while Figure 7.4 plots the 
non-dimensional pressure along the centre line of the domain forward of the cylinder at the 
free surface height. The non-dimensional pressure is calculated using equation (7.3). The 
comparison of this value across the Froude number range investigated against the 
theoretical stagnation pressure calculated by Equation (7.2) is shown in Figure 7.5. The 
calculated theoretical stagnation pressures are approximately 5% and 3.5% greater than the 
LES predicted stagnation pressures at Fr=4.0 at Fr=3.5 respectively. It is also noted that the 
difference in stagnation pressure at Froude numbers less than 3.5 is insignificant. As seen in 
Figure 7.2 and Figure 7.5, there is a strong correlation between the under prediction of bow 
wave height and the stagnation pressure.  
𝑃′ =
𝑃
2𝜌𝑈2
           (7.3) 
This under prediction in both the bow wave height and stagnation pressure indicates 
that energy is being dissipated within the numerical simulations at the Froude values 
analysed. Critically, this is the region in which the boundary layer is changing from sub-
critical to critical flow as shown in Chapter 2 Table 2.1 (Sumer et al., 1997). Therefore, a 
potential loss of energy could be a result of incorrectly predicting the region in which 
turbulent flow begins within the boundary layer. As the volume of turbulent flow is greater 
at higher free stream velocities, there is an increase in the amount of energy dissipation 
occurring due to the dissipation rate calculated through the turbulence models (Sagol et al., 
2012).  
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Figure 7.3: Pressure distribution on circular cylinder at the free surface level at Fr=4.0. 
 
 
Figure 7.4: Non-dimensional pressure plot along y=0 and z=0 between x=0 and x=-1, i.e. pressure 
inline and forward of the cylinder. 
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Figure 7.5: Comparison of non-dimensional stagnation pressure (P’) between CFD-LES simulation 
predictions and Bernoulli's equation based calculations (Equation 7.2). 
 
In addition to examining the stagnation pressure, the velocity of the water travelling 
in a vertical direction on the forward side of the cylinder can be recorded during the 
numerical simulations and examined. The vertical velocity (Uz) of the bow wave across the 
Froude number range was used to calculate the ratio of vertical speed to free stream 
velocity, i.e. the amount of horizontal velocity that has been converted to vertical velocity, 
as shown in Figure 7.6. The vertical velocity appears to be a function of Froude number with 
the exception of Fr<1.0. A possible reason for this could be due to less energy loss due to 
laminar flow. This linear trend can be clearly seen in Figure 7.6 where there is a constant 
ratio between the vertical and horizontal velocities around a ratio of 0.75 beyond Fr>1.0, 
which indicates that approximately 75% of the forward velocity of the cylinder in converted 
into vertical bow wave velocity. The latter at a Froude number of 4 is shown in Figure 7.7.  
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Figure 7.6: Ratio of vertical velocity (Uz) on the leading edge of the surface piercing cylinder 
compared to the velocity (U) of the free stream plotted as a function of Froude number. 
 
 
Figure 7.7: Numerical (CFD-LES) simulation of a cylinder piercing the free surface at Fr=4.0 showing 
the vertical velocity (Uz) of the bow wave. Note: Positive z-axis is down. 
 
 
 
 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1 2 3 4
U
z/
U
Fr
x 
y 
z 
Page | 127  
Chapter 7  
7.3  Mesh requirements 
 
The mesh verification and validation was completed in the previous chapters 
(Chapter 3, 5 and 6). The discussion included the mesh density, refinement areas and y+ 
requirements to capture the three parameters (bow wave height, plume length, and plume 
height) of the plume structure. The cell aspect ratio which significantly affected the spray 
and free surface quality were included in the development stages of the verification 
process, however not discussed due to publication requirements as mentioned in the 
Introduction (Section 7.1). Therefore, this section will cover the requirements for mesh cell 
aspect ratio within the refinement zones. 
As the primary area of interest for this work was investigating the spray generated 
by the mast, the spray in the plume region was examined for detail in addition to overall size 
of the plume structure. Figure 7.8 shows two images of the plume structure with the same 
mesh density and numerical model as seen from behind the cylinder looking forward but 
focusing on the port side (left side) and thereby allowing for a closer examination of the 
spray, noting that both sides of the spray provided the same results. The only difference 
between the two simulations is the aspect ratio of the cells in the plume region. 
Figure 7.8 (a) shows a mesh aspect ratio of one, i.e. cells were perfect cubes, whilst 
Figure 7.8 (b) shows the results using an aspect ratio of ¼. This clearly shows a ‘stretching’ of 
the spray in the y-axis when using an aspect ratio of ¼. Similarly, a stretching of the spray in 
the x-axis was noticed when aspect ratios greater than one were used. Therefore, to avoid 
distortions in the plume structure due to cell sizing region when compared to experimental 
spray, it was critical to use an aspect ratio of one in the plume. This is thought to be the case 
due to the post processing of the water and air volume fraction displaying the average 
across the cells, therefore, the water droplets will naturally take a similar shape to the cells 
in that region.   
However, a uniform mesh aspect ratio could not be used throughout the numerical 
domain. As seen in Figure 7.9, if an aspect ratio of one is applied throughout the domain, a 
‘rippling’ effect is noticed on the free surface. Therefore, whilst an aspect ratio of one was 
required for the plume region, an aspect ratio between two and three was required along 
the free surface to generate a smooth free surface obtained in Figure 7.7.  
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Figure 7.8: Close examination of the spray from the aft of the cylinder looking forward from the 
numerical prediction with a mesh cell aspect ratio of (a) one and (b) ¼. 
 
 
 
Figure 7.9: View of free surface ’ripples’ caused by mesh aspect ratio one throughout the numerical 
domain at Fr=4.0. Colour represents elevation. 
 
 
 
 
 
 
(a) (b) 
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7.4  Concluding remarks 
 
The flow around a surface piercing cylinder has been examined by focusing on the 
reasons behind the predictions of the bow wave height using the fact that the numerical 
simulations were lower than results measured experimentally using an LES model. 
Whilst a very strong correlation was found between the numerical and experimental 
results in the bow wave height at Froude numbers lower than 3.0, an under prediction of 
the bow wave height was seen between Fr=3.0 and Fr=4.0 when comparing the numerical 
predictions to the experimental results. As mentioned by Mentor (1994), the stagnation 
pressure has a significant impact on the bow wave height and thus, the stagnation pressure 
was analysed to understand potential reasons for the under prediction of the bow wave 
height. The comparison between the LES predicted and theoretical stagnation pressure 
showed a similar correlation to the comparison between the LES prediction and the 
experimental measurement of the bow wave height. This strongly suggests that the under 
predictions noticed in the numerically predicted bow wave height compared to measured 
experimental data at high Froude numbers is a result of incorrectly modelling the stagnation 
pressure within the numerical simulations.  
The velocity of flow in the vertical direction (Uz) of the bow wave was also studied 
allowing a correlation to be found between the forward velocity (x-axis) of the cylinder and 
Uz. Whilst at lower Froude numbers (Fr<1.0), the correlation between Uz and Froude 
number varied, at Froude numbers greater than 1.0, a linear correlation was found in which 
approximately 75% of the forward velocity of the cylinder was converted into vertical 
velocity (Uz) thus enabling the vertical component of the bow wave velocity to be predicted, 
based on forward velocity of the cylinder.  
The mesh cell aspect ratio was also found to be critical in accurately modelling the 
plume structure and free surface. As a result of examining the spray with the plume 
structure and free surface, it was noted that an aspect ratio between two and three was 
required for the free surface, while an aspect ratio close to one was required within the 
region of the plume structure. 
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8.1  Summary 
 
This project investigated the plume generated by a submarine mast whilst 
underway. This chapter provides an evaluation of the results and findings, as well as the 
contributions to the research field whilst addressing the aim of this thesis. The latter was to 
answer the research question: “Can the plume structure generated by a submarine 
appendage piercing the free surface operating at snorkeling/periscope speeds be 
numerically accurately modelled with respect to the plume shape?”  
Successfully addressing the research question involved an incremental approach. 
The first stage involved a review of literature on both numerical and experimental methods 
and results on surface piercing bluff bodies. It was found that whilst there had been 
experimental research published, each set of data had limitations, such as cylinder 
immersion or low Froude numbers. Similarly for numerical simulations, there was a lack of 
published data investigating bluff bodies at the required Froude numbers to accurately 
replicate the conditions under which submarines operate with an extended periscope or 
snorkel. As the wake generated by the snorkel/periscope can result in the detection of the 
submarine, it is critical to understand and accurately model the plume structure. 
Therefore, the focus of this thesis was to be able to predict the size of the plume, 
and to investigate geometries that could reduce the size of the plume. As part of this work, 
it was necessary to generate both numerical and experimental results for surface piercing 
bluff bodies, both of which had limited published data in the public domain. Following the 
literature review, CFD modelling techniques were assessed to determine the possibility of 
CFD to generate the plume structure and also which numerical technique was better suited 
for this purpose. As the experimental data was limited, a revised set of experimental data 
was generated, incorporating two cylinder lengths. Utilising the experimental data gathered, 
further numerical studies were conducted to validate the numerical code and analyse 
potential variations in mast geometry that would result in a reduction in plume size. 
However, further understanding of the flow around the cylinder, in particular the 
submerged end, was required to quantify the differences between experimental and real-
world applications. Therefore, an additional set of experiments were conducted, including 
those with an end body, to reduce the effects generated by the submerged end of the 
Page | 132  
Chapter 8  
cylinder.  This led to further in-depth numerical studies to quantify changes in the plume 
size due to end effects. 
 
8.2  Concluding remarks 
 
The research conducted in this thesis has generated the following conclusions: 
 
8.2.1 Establishing an appropriate CFD model 
 
Due to the unstable and complex flow generated by a bluff body, selecting an 
appropriate CFD model was critical. Various CFD models were tested with an extensive 
comparison conducted between URANS and LES models. Through using the same mesh, 
solvers and preconditioners for both simulations, the numerical models could be compared. 
A significant difference in the results were shown in certain areas, and it was concluded that 
the LES was the required numerical model. The primary reason for LES being selected over 
URANS was because the plume structure (i.e. the plume length and plume height) was not 
captured by the URANS model. Although the exact reason why the plume structure was not 
captured by URANS is not fully understood, it appears likely that the averaging of the flow 
cannot capture the instantaneous unsteady characteristics. LES was able to generate the 
entire plume profile, although the computational requirements, and hence simulation time, 
significantly increased. However, this was an acceptable increase in computational 
resources since modelling of the plume structure was essential.  
 
8.2.1.1 LES model 
 
One of the most critical aspects of an LES simulation is selecting the sub-grid model 
and thus a number of models were tested ultimately leading to the selection of the one-
equation eddy model within the OpenFOAM package for the following reasons. Firstly, the 
one-equation eddy model calculates the SGS velocity scale independently, which is an 
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advantage over standard algebraic models. Secondly, whilst mixed models can potentially 
provide further benefits in calculating the SGS velocity scale, the increased complexity could 
lead to instabilities and inaccuracies in the results due to mesh sensitivity. Finally, published 
data suggests that the one-equation model performs well modelling vortex shedding.  
 
8.2.2 Experimental results 
 
Two sets of experiments were conducted in order to validate the CFD predictions. 
Additionally, completing the experiments in conjunction with numerical simulations assisted 
in the design of the experimental rig and increased confidence in the experimental data. The 
first set of experiments was used to generate experimental data to validate the numerical 
code and understand the flow physics. The information and knowledge thus gained were 
used to refine and design the second set of experiments, thus increasing the breadth and 
quality of the existing published data and enabling further validation of the numerical 
simulations.  
The experimental and validation process using the first set of experimental data 
resulted in the following two key findings:  
 The investigation focused on two different immersions depths, one which 
replicated published data at an immersion depth equal to twice the diameter 
(T’=2) and the other at a much greater immersion depth of ten times the 
diameter (T’=10). This was performed to assess whether an immersion 
variation from T’=2 to T’=10 significantly affected the final measurement of 
the plume geometry.  A change in plume geometry at these immersion 
depths indicated a change between the existing experimental data and real 
world data. At the deeper immersion depth, the plume size was 
approximately 8% larger in comparison to that with the shorter immersion 
depth. This showed that end effects resulted in a significant reduction in 
plume size, therefore, further research was required to establish methods in 
which experiments could be conducted to remove end effects.  
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 When the plume flow characteristics were studied using the recorded video, 
it was discovered that the plume structure, which was previously published 
as a solid structure, is generated by two separate flow regimes. The forward 
half of the plume structure is generated by the bow wave, whilst the aft 
section of the plume is generated from the submerged end of the cylinder. 
Whilst the second set of experiments provided essential data for CFD validation, the 
modifications carried out in light of the findings from the first experiment, and the 
numerical study provided the following two additional findings:  
 The average frequency of oscillation of the bow wave height did not vary for 
the range of Froude numbers and immersion depths tested.  
 The addition of a body at the submerged end of the cylinder generated 
similar plume dimensions as the cylinder with T’=10 immersion. This showed 
that a suitable end body, such as the one used in the second experiment, can 
be used in experiments to remove the experimental limitations.  
 
8.2.3 Numerical results 
 
Using the established LES numerical model, the results from the experimental data 
were used to validate numerical results and further increase the information with regard to 
the plume generated by surface piercing cylinders. This was completed in several stages. 
 
8.2.3.1 Single mast validation 
 
The numerical code was validated for the same configuration as that used in the first 
experiment, with both immersion depths used for validation purposes. With changes in the 
mesh aspect ratio, mesh density and small changes to solvers and pre-conditioners, the 
plume accuracy was improved to provide good correlation between experimental and 
numerical data. However, a small under prediction of the bow wave height and plume 
height was recorded for the higher Froude numbers (Fr>3.0). Analysis of the numerical and 
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experimental data provided a probable cause for this under prediction due to a strong 
correlation between the under prediction of both the bow wave height and stagnation 
pressure, discussed later in section 8.2.3.4. Further validation was conducted using the drag 
data from the second experiment, which provided a further point for confidence in the 
numerical validation with a strong correlation across the Froude number range tested.  
 
8.2.3.2 Double mast configuration 
 
The validated CFD model allowed for numerical simulations of different geometries 
to be tested with the potential to reduce the wake generated by the mast. These consisted 
of numerically modelling three configurations of double cylindrical masts and two 
configurations of single and double NACA0012 cross sectional masts. In addition to the 
forward mast generating a significant wake region that reduced the drag on the aft mast, 
the plume structure generated by the forward mast covered the reduced plume and wake 
generated by the aft mast. This was found to be the case for all cylindrical mast 
configurations including when the forward mast was considerably smaller in diameter than 
the aft mast. The reduction in plume profile from each double mast configuration was 
directly related to the reduction in mast diameter of the forward mast compared to the 
single mast. This finding suggests that either splitting the mast into two masts, or adding a 
‘dummy’ mast forward of the mast could reduce the overall plume size. Additionally, the 
NACA0012 sections provided a reduction of 75% in bow wave height when compared to the 
single cylindrical mast. 
 
8.2.3.3 End effect validation and findings 
 
As mentioned in the experimental results section, a major finding from this research 
involved the effect on the plume structure due to the addition of a body to the submerged 
end of the cylinder. Although this was noticed in the experimental data, it was essential that 
the numerical simulation accurately predicted the differences in plume structure due to 
different submerged end conditions. Although there was an under prediction in the plume 
Page | 136  
Chapter 8  
size predicted by the CFD model, the numerical prediction accurately modelled the same 
increase of approximately 8% with the addition of an end body to the T’=2 depth, as was 
recorded with the experimental data. Additionally, there was no significant difference in 
bow wave height or plume size between T’=2.0 with end body and T’=10.0 with and without 
the end body. Using the validated numerical code, an analysis was performed to assess the 
immersion depth required to remove the end effect on the plume structure. Using the data 
presented on the bow wave height and plume dimensions generated by a cylinder with 
different immersion depths ranging from T’=2.0 up to T’=10.0, it was identified that the 
critical immersion depth ratio required to remove an effect at a Froude number of 4.0 is 
T’=8.0. 
 
8.2.3.4 Stagnation pressure and bow wave  
 
There was a strong correlation between the under prediction of the bow wave 
height and the under prediction of the stagnation pressure. This indicated that the reason 
for the under prediction of the bow wave height at certain Froude numbers was due to an 
over dissipation of energy within the boundary layer around the mast. It was also shown 
that the vertical velocity (Uz) of the bow wave height correlates directly with the free stream 
velocity (U) above a Froude number of 1.0. The ratio of vertical speed to the forward speed 
(i.e. the vertical velocity divided by the free stream velocity, Uz/U) was shown to be 0.75, 
which allows the vertical velocity component of the bow wave height to be predicted based 
on the forward velocity of the submarine. It was also shown that a mesh aspect ratio of one 
is required within the plume region to ensure an accurate modelling of the plume spray.  
 
8.3  Implications of this research 
 
Both numerical and experimental approaches were carried out in this project to 
investigate the flow characteristics and plume structure generated by a submarine mast 
piercing the free surface. An in-depth understanding of conditions that affected the plume 
structure allowed an accurate real world modelling of the plume structure. This was 
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achieved without compromises associated with experimental or numerical limitations that 
were present in published data prior to this project. 
The results presented in this thesis provide a detailed insight into the plume structure 
generated by a submarine mast and thus can be used as a guide to reduce the plume 
signature through design and/or operational conditions whilst the submarine is piercing the 
free surface with either a periscope or a snorkel. 
The experimental work that was carried out is of significant value as there was 
extremely limited data published in the public domain previously. Additionally, there were 
no available publications found for experiments at the required Froude numbers and with 
the required immersion depth or end body configuration. Therefore, the data generated 
from the experiments in this thesis have allowed for the validation of the CFD models used 
in the study. 
The CFD research completed during this thesis has displayed the capabilities of the CFD 
models to accurately predict the plume structure. The CFD simulations have investigated the 
required models, solvers, sub-grid scale, y+ value, mesh density and mesh aspect ratios to 
accurately model the plume within the OpenFOAM software. The validated model has 
allowed for varying mast configurations to be investigated, which were not practically 
possible at the time of experimental testing.  
The combination of numerical and experimental work has increased the data quality, 
allowed the development of a numerical technique which can be used to predict the plume 
size and shape generated by a periscope or snorkel piercing the free surface in realistic 
operational conditions, and provided a much greater understanding of the flow 
characteristics of a bluff body piercing the free surface. This numerical code can be used to: 
 predict the plume size generated by submarines operating pericopes or snorkels; 
 provide information to operators with regard to the size of the plume generated 
as a function of the submarine’s forward speed; 
 estimate the speed of submarines based on its plume size; and 
 design periscopes/snorkels shape and configuration to reduce the size of the 
plume generated, and hence reduce signature. 
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Chapter 8  
Through both numerical and experimental investigations, the understanding of the 
plume structure generated by submarine masts and surface piercing cylinders was 
significantly improved. This included identifying requirements, such as end effect and mesh 
requirements, which can affect the results of experimental and numerical studies. 
Therefore, the knowledge gained from the research presented in this thesis can be of 
significant value to submarine mast design and operational procedures.  
8.4  Future Work 
 
The findings of this thesis could lead to several further investigations which would 
increase the understanding of the flow regime around surface piercing masts and decrease 
the plume structure generated by a submarine mast.  
As shown in Chapter 5, streamlined bodies and double mast configurations can offer 
a significant advantage over conventional cylinders. Thus, the numerical investigation can be 
extended to cover streamlined body masts and mast fairings, to further reduce the plume 
structure and understand the limitations of using streamlined bodies instead of bluff bodies. 
However, additional experimental data would be required to validate the non-cylindrical 
mast sections. The loads calculated in this project during the experimental and numerical 
analysis can be used to develop experimental set-ups to validate the double mast 
configurations, thus increasing the certainty of the numerical predictions.  
Furthermore, the knowledge obtained through the CFD predations can be applied to 
other high Froude number situations, such as vertical rudder struts or foils, to optimise and 
increase performance of vessels with surface piercing configurations, such as hydrofoilers. 
In addition to studying different mast configurations, analysis on the transition point 
of laminar to turbulent flow on bluff bodies at the respective Froude numbers has the 
potential to improve the accuracy of the plume structure and bow wave height.  
Finally, an investigation into the performance of different numerical models could 
decrease the simulation time or increase the accuracy of the results. In particular, the 
URANS models discussed in Chapter 3 to determine the reasons for the limitations in 
capturing the full plume structure could be examined more accurately.  
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Appendix I 
 
Uncertainty Analysis of the Experimental Data 
 
The principal values and calculations used for the uncertainty analysis of the experimental 
data presented in Chapter 6 are presented here. The ITTC Recommended Procedures – 
Guide to the Expression of Uncertainty in Experimental Hydrodynamics section 14.3 (ITTC, 
2014) were used to determine the total uncertainty factor of 1.96 (95% confidence) applied 
to the standard deviation.  The two approaches recommended by ITTC were both utilised. 
For the first approach, runs for Froude numbers 1.0, 2.5 and 4.0 were completed three 
times with the bow wave height recorded at five individual times per run. The results from 
this approach can be seen in Table I.1. 
For the second approach, the same equations of determining the total certainty at 95% 
confidence was used. However, the data was collected using a single run and video footage 
to record the bow wave height. The bow wave height was recorded 25 times per second 
with the mean and standard deviation calculated. The data from the video analysis is 
presented in Figures I.1-I.3 with a summary of the data in Table I.2. 
The greater % uncertainty from the two methods (Table I.1 and I.2) was used during the 
thesis. 
Table I.1: Summary of uncertainty analysis from the first approach with a 95% certainty for Froude 
numbers 1.0, 2.5 and 4.0 using an average recorded from three runs and five measurements per run. 
Fr 1.0 2.5 4.0 
?̅? 44.1 291.8 598.2 
𝑠2 16.8 423.2 637.5 
% Uncertainty 2.3 1.8 1.0 
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Figure I.1: Experimental bow wave height and mean bow wave height at Fr = 1.0 over a 10 second 
period. 
 
 
Figure I.2: Experimental bow wave height and mean bow wave height at Fr = 2.5 over a 10 second 
period. 
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Figure I.3: Experimental bow wave height and mean bow wave height at Fr = 4 over a 10 second 
period. 
 
Table I.2: Summary of uncertainty analysis from the second approach with a 95% certainty for 
Froude numbers 1.0, 2.5 and 4.0 using recorded bow wave height 25/second over 10 second period. 
Fr 1.0 2.5 4.0 
?̅? 42.9 287.8 607.0 
𝑠2 18.9 601.9 537.8 
% Uncertainty 2.5 2.1 0.9 
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Appendix II 
Experimental and Numerical Analysis of 
Submarine Mast Surface Wakes 
This conference paper has been presented in the “Pacific 2015 International Maritime 
Conference” and published in the Conference Proceedings. It is a summary of the data 
presented in Chapters 4 and 6 for the application in submarines. The citation for the 
research article is: 
Conway, A. S. T., Ranmuthugala, D., Binns, J. R., & Renilson, M. R. (2015). Experimental and 
Numerical Analysis of Submarine Mast Surface Wakes. Pacific 2015 International Maritime 
Conference. 
This appendix has been removed 
for copyright or proprietary 
reasons.
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Appendix III 
The Effect of Speed and Geometry on the 
Characteristics of the Plume Generated by 
Submarine Masts 
This conference paper has been submitted to the “RINA Warship 2017” and will be 
published in the Conference Proceedings. It is a summary of the data presented in Chapters 
5 and 6 for the application in submarines. The citation for the research article is: 
Conway, A. S. T., Ranmuthugala, D., Renilson, M. R., & Binns, J. R.  (2017). The Effect of 
Speed and Geometry on the Characteristics of the Plume Generated by Submarine Masts. 
RINA Warship 2017. 
This appendix has been removed 
for copyright or proprietary 
reasons.
